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1.0 Project Summary

1.1 Description of Project

This report presents results of a pollution prevention (P2) and control survey for printed wiring board (PWB)
manufacturers and related information from literature and other sources. The survey was conducted by CAI
Resources, Inc., with assistance from the Institute for Interconnecting and Packaging Electronic Circuits (IPC). The
survey results were analyzed and this report was prepared by CAl Resources, Inc., under a subcontract to

Microel ectronics and Computer Technology Corporation (MCC). The Design for the Environment (DfE) Printed
Wiring Board Project partners provided significant input to the final report. The work was funded by grant #X
823856 under EPA’s Environmental Technology Initiative Program. Thisreport isafollow up to a previous report
that analyzed results of an earlier survey (ref. 1).

The DfE PWB Project is avoluntary cooperative partnership with EPA, industry, and other interested parties that
promotes implementation of environmentally beneficial and economically feasible alternatives by PWB
manufacturers. The ultimate goal of this project is to help the PWB industry increase efficiency and reduce waste
generation by giving individual PWB manufacturers the information they need to make informed decisions that fit
their particular needs. Theinitial focus of the project was to evaluate processes or technologies for “making holes
conductive” (MHC), the process of depositing a conductive surface in drilled through-holes prior to electroplating. In
support of these efforts, the DfE project conducted a Cleaner Technologies Substitutes Assessment (CTSA) of
severd aternative MHC processes and tests were conducted to evaluate the performance of alternative processes (ref.
2). Thedraft MHC CTSA was published in August 1997. The DfE PWB Project is now conducting a similar
analysis of alternative surface finishes for PWB manufacturing.

1.2 Purpose of the Survey

The pollution prevention and control survey was performed to gather and organize information about the current state
of environmental technology and practices for this industry segment. The focus of the survey was on determining
the types of technologies and alternative processes used, the extent of their use, key factors with regard to
implementation, including costs, and their success and failurerate. Pollution prevention and control technol ogies
covered by the survey include substitute raw materials and manufacturing processes, reuse and recycle technologies,
procedural changes, and innovative treatment/disposal methods that reduce chemical use or water use and/or prevent
the production of hazardous waste material and its release to the air, water, or land.

The survey results are useful to all those associated with the PWB manufacturing industry. PWB manufacturers can
use the results of the survey to compare their own manufacturing operations to those of the survey respondents.
Using the survey results, manufacturers can evaluate how their operations compare in terms of chemical and other
raw material usage rates, water use, waste generation, technology level used, and other key factors. The results also
show which treatment, recovery, and bath maintenance technol ogies have been most successful, trendsin chemical
substitution, the identification of regulated pollutants, sludge generation rates, off-site waste recovery and disposal
options, and many other pertinent topics. In addition to the manufacturing segment, the results will also be useful
to companies that service the PWB industry, including engineering firms, chemical suppliers, manufacturers/vendors
of pollution prevention and control equipment, and off-site recycling and disposal sites.

1.3 Survey Procedures

The survey of PWB manufacturing facilities was accomplished using a mailed questionnaire. To ensure that the
survey adequately addressed the key production processes and pollution prevention methods, a draft form was prepared
and reviewed by various industry participants, EPA, and other interested parties. The questionnaire was then tested
by surveying a selected group of PWB facilities. Based on these responses, the survey form was revised. Thefinal
survey form was then distributed by IPC during 1995 to all IPC PWB manufacturing facility members
(approximately 400). There were 40 responses to the survey. A preliminary report was prepared to distribute the
results of the survey (ref. 1). During 1997, arevised survey process was implemented in order to increase the
response rate by PWB shops. The scope of the survey was reduced in order to shorten the amount of time necessary
to complete the form. The second survey was distributed to 250 members of the California Circuit Association. An

1 The methodology employed during the PWB survey project and the format of the questionnaire employed were based on the experiences of
asimilar project conducted for the electroplating industry by the National Center for Manufacturing Sciences (NCMS) and the National
Association of Metal Finishers during 1993 and 1994 (see reference 4). Permission to use the survey format and information gathering
techniques of that study were given by the NCM S Project Steering Group.



additional 45 responses were received from the second survey. Therefore, atotal of 85 different facilities responded to
the survey.

Overall, there were few noticeable differences between the responses from the two surveys. One notable exception
was adecrease in the use of the electroless copper method of making holes conductive. These results are discussed in
Section 1.4.3. Raw data from the two surveys are presented in Appendix A.

The survey covered eight mgjor aress.

Facility and Point of Contact Identification. Inorder to maintain confidentiality, this portion of the
survey form was kept separate from other portions of the form. Used only in the event that clarification to
responses was needed, a procedure was employed that prevented anyone from connecting responses to their
originator.

Facility Characterization. Requested data concerning facility size, product type, base materials used,
process capabilities, and technology level.

Wastewater Discharges. Requested data concerning the type of discharge (i.e., direct, indirect, zero), flow
rates, discharge limitations, compliance problems, and costs for water and sewer use.

Process Data. Requested data concerning various elements of the manufacturing process, including etch
resist, inner- and outer-layer etching, through-hole metallization, oxide, etchback/desmear, solder mask, and
chemical usage.

Recovery, Recycle, or Bath Maintenance Technology. Requested data concerning pollution
prevention technologies, including costs, savings, labor needs, maintenance regquirements, residual s generation,
and other important information.

Pollution Prevention Methods. Requested data concerning pollution prevention (P2) methods used by
the facilities for improving operating procedures, reducing water use, preventing the loss of chemicals, and
making other improvements.

End-of-Pipe Treatment. Requested data concerning the type of treatment processes used, capital and
operating costs, sludge generation, and compliance problems.

Identification of Problems and Needs. Requested data concerning environmental and occupational
health challenges, technology needs, and information needs.

1.4 Overview of Results
A total of 85 survey responses were received. Based on dollar sales, the 85 responses represent approximately 36%
of the total U.S. PWB production (ref. 4). The following are some important findings from the survey.

1.4.1 Facility Characterization

Facility characterization data were collected as part of the survey to enable comparisons among the participants and as
away to relate the respondents as a group to the overall PWB industry population. Among the data collected are the
facility size, production numbers, product mix, and the number of employees.

Comparison of Facility Sizes. Several measuresof facility size were employed to help characterize the
respondents and compare them to the overall PWB industry sector, including: annual salesin dollars, square footage
of manufacturing facility, number of employees, and PWB production rate measured in square footage. The
following is a summary of key information.

Based on an |PC Technology Marketing Research Council survey conducted in 1994, facilities under $5 million
represented 77% of all facilities and facilities over $50 million were only 2.1% of thetotal. The mix of
respondents from the current Industry survey was substantially different than these industry figures. Among
current survey respondents, 25.6% are small shops, while 14.1% are facilities with more than $50 million in
sales. Any conclusions drawn from the current study should consider that the respondents may be more
representative of larger facilities than the industry average.



The mean sales reported among respondents is $20,958,000 and the median amount is $12,000,000.

The physical size of the survey respondent’ s manufacturing facilities ranges from 4,000 sg. feet to 600,000 sg.
feet. The mean sizeis 61,262 sg. feet and the median sizeis 31,800 sg. feet.

Square footage of PWB production ranged from 1,100 square feet to 5,000,000 sgquare feet. These valuesinclude
single- and double-sided boards as well as multilayer PWBs. The mean and median values are 728,085 square
feet and 273,000 square feet respectively.

Exhibit 1-1. Distribution of Annual Sales
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Exhibit 1-2. Mean and Median Sales
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Of the facilities responding to the survey, the number of employees ranges from 4 to 1,200. The meanis 191
employees and the median is 123 employees.

For the respondents, amean of 10.9 employees and amedian of 10.6 employees are needed for each $100,000 of
annual sales.



Exhibit 1-3. Mean and Median Facility Size of Survey Respondents
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Exhibit 1-4. Mean and Median Production
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1.4.2 General Process Information
The survey collected data for numerous process related topics. Some of the general process characterization data are
presented in this section.

PWB substrate can be rigid, flexible or a combination of the two. Rigid boards are the most common and are
made exclusively by 88.5% of the survey respondents. Flexible circuits are made by 18.4% of the facilities and
11.5% make a combination of rigid/flexible (regi-flex) circuits.

Another method of classification of PWB manufacturers is by the number of layers they are able to produce.
Higher layer counts require more sophisticated equipment and processes. Double-sided boards are the most
commonly produced boards among survey respondents (87.3% of respondents). Of the facilities that produce
multilayers, 4-6 layer boards are the most common type (80.5% of respondents). Only 12.6% of the facilities
produce multilayers with more than 20 layers.



Exhibit 1-5. Number of Employees
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Exhibit 1-6. Employees Per $100K of Sales
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Exhibit 1-7. Distribution by Technology Level
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Exhibit 1-8. Distribution of Product Type
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1.4.3 Production Methods and Materials

Certain manufacturing methods and materials used in PWB production are of particular concern with respect to waste
generation or pollution prevention and are highlighted in this section. A detailed description of al applicable
processes is presented in Section 3.

Making Holes Conductive. This process step has received much attention due to the chemicals used, the
wastes generated and employee exposure concerns. Making holes Conductive (MHC) was the focus of the first
Design for the Environment CTSA project (ref. 2). The draft MHC CTSA was published in August, 1997. Dueto
the emphasis placed on this process during the DfE project, both surveys (see description of survey processin
Section 1.3) requested detailed information about making holes conductive from the PWB shops. Overal, there were
few noticeable differences between the responses from the two surveys which were conducted approximately two
years apart. However, with respect to making holes conductive, there appears to be some differences. Therefore, the
data presented in Exhibit 1-9 show the individual survey results as well as the overall results.

During the making holes conductive step, athin seed layer of conductive material (copper, carbon, nickel, palladium
or other conductive material) is deposited to facilitate subsequent copper electroplating. Prior to the 1990's, few
choices for making holes conductive existed other than el ectrol ess copper, which remains the predominate process.
Due to the health risks and increasing regulation of formaldehyde, the waste treatment complications presented by
EDTA or other complexing agents, and the complex pre-treatment line associated with electroless copper, interest in
alternatives to electroless copper has been high. Considerable research has resulted in an array of substitute
processes. Among the aternatives are palladium-based, carbon-based, graphite-based and electroless nickel processes.
Each of these processes address some or al of the problems identified with electroless copper.

Exhibit 1-9. Through-Hole Metallization Methods
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Although electroless copper remains the predominant method of making holes conductive, its use appearsto have
declined. Twenty percent fewer facilities from the 1997 survey employ electroless copper than did in the 1995
survey (electroless copper is used by 70% of the 1997 respondents, down from 86% in the 1995 survey). The
carbon-based alternative, although not used by any respondents from the 1995 survey, is used by 11.4% of the
respondents from 1997 survey. Use of graphite-based systems rose to 9% in 1997 from 2.7% in 1995. The use of
palladium-based alternatives declined from 14% of the 1995 respondentsto 6.8% in 1997. Electroless nickel use
remained nearly unchanged at approximately 2%.

Design for the Environment (DfE) Printed Wiring Board Project participants are encouraged by this increase in the
use of alternative MHC technologies, especially because it occurred while awareness of the alternatives was being
increased by the MHC project. Additional increasesin alternative MHC technology use can now be expected because
the CTSA results were presented in seven seminars around the United Statesin 1997, and because the final MHC
CTSA will be published in summer 1998.

Etch Resists. Etchresistsare needed on any PWB manufactured using the subtractive process. The etch resist
protects the underlying copper circuitry from being etched away. Dry film, screened ink, or a plated metal can act as
aresist. Many facilities employ more than one etch resist.

Tin-lead has been losing ground to other resists for the last several years due to health and environmental concerns
and the readily available substitute of tin-only plating (Exhibit 1-10). Tin-lead was till in use by 52% of survey
respondents.

In the case of solder mask over bare copper (SMOBC) panels, tin plating easily replacestin-lead since the etch resist
is stripped after etching. Tinisused as an etch resist by 49% of the survey respondents.

Among other etch resists, dry film is used by 41% of the respondents and nickel-gold is used by 43%.

Exhibit 1-10. Outer-Layer Etch Resists in Production
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Exhibit 1-11. Outer Layer Etch Resists in Production (Aggregate)
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When the aggregate production of al respondents who provided sufficient information is considered, the move away
from tin-lead plating becomes apparent. Only 23% of the aggregate production (totaling more than 23 million ft?)
was produced with tin-lead versus 43% with tin-only. Dry film represented 13% and nickel-gold 2.1%. The major
contributor to the "other" category shown on Exhibit 1-11 was alarge, single-sided facility that used a screened-on
ink etch resist.

Etchant. Although historically there have been many copper etchants employed by the PWB industry, the field has
narrowed to just two chemistriesin the modern shop: cupric chloride and ammoniacal etchants. The choice between
these two etchants for outer layer etching is determined largely by compatibility with the various etch resists
employed. Metallic etch resists are generally incompatible with cupric chloride, greatly limiting its use on outer-
layers regardless of whatever advantages it may offer. Ammoniacal etchant is generally compatible with all etch
resists and therefore is very common as an outer-layer etch resist and is the etch resist of choice for small shops that
cannot justify the purchase and maintenance of two etching systems.

Exhibit 1-12. Etchants Used
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Ammoniacal etchant is more widely used among the survey respondents; 81% of respondents indicated they use
ammoniacal etchant for inner-layer etching and 87% use it for outer-layer etching.



Solder Mask. Most PWBs, including nearly al high-technology circuits, require solder mask. The survey results
show avery substantial use of liquid photoimageable masks (LPl). Seventy-six percent of respondents apply LPI to
at least a portion of their product. Thermal masks are used by 74% of the respondents. Forty percent use dry film
masks on at least some of their product. A significant percentage of respondents indicated that they use all three
common mask types (26%).

1.4.4 Wastewater Generation and Discharge
The survey collected information about wastewater generation rates, discharge types, discharge limits, compliance
difficulties, wastewater treatment methods, and other related information. Some key findings include:

The survey data show that the majority of the respondents are indirect dischargers.? Thisis especially true for
the small to mid-sized PWB manufacturing facilities. Seventy-seven percent of all respondents indicated that
they are indirect dischargers, whereas 94% of the facilities with a production rate below 300,000 board ft? are
indirect dischargers. None of the survey respondents indicated they are zero discharge shops.

Average daily wastewater flow rates range from 5,200 gpd to 400,000 gpd.

Exhibit 1-13. Water Usage
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2 For the purpose of this survey, the discharge type refers to the destination of wastewater discharges regulated by categorical effluent
standards. The three possible selections in the survey questionnaire were direct discharge (i.e., to surface water such as ariver or stream),
indirect discharge (to a publicly owned treatment works or POTW), or zero discharge (no process wastewater discharge).



Exhibit 1-14. Production-Based Water Usage
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Not suprisingly, the data indicate that overall water usage was related to the product mix of the shop,
particularly the layer-count mix. Therefore, an adjusted, production-based flow rate was calculated. Comparing
the adjusted production-based flow rates, the range of water use among respondentsis extremely wide; 8% of
r&epondentf reported water usage of over 50 gallong/layer-ft?, whereas 51% reported water use of less than 10
gd/layer-ft-.

A very sharp distinction can be drawn between the mean water use of larger and smaller shops. The largest 20
facilitiesin terms of production had mean production-based water usage rates less than one-third that of all
respondents. Since facilities that did not have formal data were encouraged to estimate their water usage, it is
possible that some of the very high usage rates among the smaller shops are aresult of poor estimates of either
the production rate or water usage. Following this line of reasoning, it is also possible that the rates shown in
Exhibit 1-14 for the largest 20 facilities are a more accurate estimate of true water usage by this industry sector.
Thereis arelationship between the adjusted production-based flow rates and the cost of water and sewer use. For
facilitiesthat have very high combined water and sewer costs, the adjusted production-based flow rates are very
low. Variation of water and sewer use costs among survey respondentsislikely duein part to geographical
location, with higher costsin coastal and arid regions.

Low water use rates are achieved by PWB facilities through the implementation of simple water conservation
techniques and/or by using technologies such asion exchange that recycle water.

The dataindicate that the use of water conservation methods does not always result in low water use. The four
facilities with the highest production-based flow rates do not use ion exchange recycling, but they all indicated
that they employ counterflow rinsing, plus some other methods of water conservation. In such cases, it is
possible that water is simply being wasted by having unnecessarily high flow ratesin the rinse tanks (e.g.,
flowing water during periods of non-production).

The dataindicate that the majority of respondents (63%) must meet discharge limitations that are more stringent
than the Federd standards.

Very few respondents reported any wastewater compliance difficulties. Of the respondents that reported
difficulties, 11% reported difficulties with lead, 8% with copper, and 3% with silver. A large mgjority of
respondents (86%6) did not report any compliance difficulties. The majority of those reporting compliance
difficulties have discharge limitations lower than Federal standards.

1.4.5 Recycle, Recovery, and Bath Maintenance

One section of the PWB survey form was devoted to gathering information concerning pollution prevention and
recovery technologies that are applied for the purposes of recovering and recycling chemicals and improving the life-
span of process solutions. Eighty-one percent (81%) of the respondents reported use of arecycle, recovery or bath
mai ntenance technology, including ion transfer, electrowinning, ion exchange, diffusion dialysis, membrane

10



electrolysis, evaporation, and solvent extraction. Exhibit 1-15 displays the technologies found amongst the
respondents. They include:

Electrolytic regeneration of permanganate desmear baths using a porous pot (or similar ion transfer designs) is
employed by 28.2% of the survey respondents. Thisrelatively inexpensive and simple technology is used for
bath maintenance (i.e., extending the useful life-span) of permanganate desmear baths. In the conventional
permanganate process, the permanganateion is reduced by heat and contact with PWBs and is replaced by
chemical addition. Also, during operation of this bath, by-products (including the manganate ion) accumulate in
concentration causing a sludge to form and frequent disposal is necessary. The porous pot can be used to
maintain a sufficiently low concentration of contaminants and thereby reduce the frequency of disposal.

lon exchange is a versatile technology that is applied by PWB manufacturers for various, sometimes
overlapping purposes, including: water softening, chemical recovery, water recycle, solution maintenance, and
waste treatment. Forty-five percent (45%) of the respondents reported using ion exchange as a water
recycle/chemical recovery technology. Many of these respondents reported the same system as a component of
their waste treatment system. In general, most of the waste streams discharged from PWB processes are
compatible with ion exchange, and many facilities mix several similar rinse streams and treat them with asingle
ion exchange unit (e.g., sulfuric acid dips, micro-etch, and copper electroplating rinses are frequently combined).
The ion exchange effluent may be discharged and the regenerant processed using electrowinning, thereby making
ion exchange both an end-of -pipe waste treatment and a component of a metal recovery system.

Electrowinning is acommon metal recovery technology employed by PWB manufacturers to remove metallic
ions from spent process fluids, ion exchange regenerant, and concentrated rinse water (e.g., drag-out rinses).
Twenty-eight percent (28.2%) of the survey respondents reported using el ectrowinning as a recovery technology.
Several other technologies are used by survey respondents, but to a much lessor extent than the porous pot, ion
exchange or electrowinning. One respondent cited use of evaporation, which was employed to recover copper
sulfate electroplating solution. One respondent reported using diffusion dialysis for bath maintenance on atin-
lead strip solution. Membrane electrolysisis used by one respondent as an on-line regeneration method for
cupric chloride etchant. The same respondent also reported using solvent extraction technology for on-site
regeneration of ammoniaca etchant (and drag-out recovery).

Exhibit 1-15. Recycle, Recovery and Bath Maintenance Technologies Used
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1.4.6 Off-Site Recycling

The PWB survey gathered information regarding the types of wastes sent to off-site recycling firms, quantities,
destinations, and associated costs. Off-site recycling is acommonly used alternative for PWB manufacturers as a
means of managing spent etchant solutions and wastewater treatment sludges. Widespread implementation of this
option reduces the quantity of wastes being disposed of in landfills. The following isasummary of key information
regarding off-site recycling.
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Nearly al respondents reported using off-site recycling for disposing of spent process baths. By far, the most
commonly reported spent process fluid that is sent off-site for recycling is spent etchant, particularly spent
ammoniacal etchant. Eighty-three percent (83%) of the respondents who completed the off-site recycling section
of the survey reported that they send spent ammoniacal etchant off-site for recycling. Spent ammoniacal etchant
is created at arate of roughly 1 gallon per 30 surface square feet of inner- and outer-layer panels. The reason that
spent etchant is a popular waste for off-site recycling is due mostly to its high copper concentration, which is
typically 150 g/l Cu (i.e., 15% Cu). Etchant that is sent off-site is processed to recover the copper and
regenerate the etchant for reuse.

Spent process baths other than etchant are less frequently sent off-site for recycling by the survey respondents.
The next most commonly shipped waste product is tin and/or tin-lead stripping solutions. These solutions are
listed by 20% of the respondents who completed this section of the survey form. Like etchant, spent stripping
solutions have a high metal concentration that makes it a viable candidate for recycling. Also, stripping
solutions are generated in relatively high volumes, furthering the economics of off-site recycling.

Flux, solder dross from the hot-air-solder-level (HASL) process, and other |ead-bearing solutions are shipped off-
site for recycling by 20% of the respondents. However, the quantities of these materials that are shipped are
relatively small.

Micro-etchants are shipped off-site for recovery by only 8% of the respondents. Spent micro-etchants typically
contain copper concentrations of 15 to 30 g/l Cu (i.e., 1.5to 3.0% Cu). Other respondents reported
€electrowinning these solutions on-site, or treating them with conventional precipitation.

Gold- and silver-bearing wastes are sent off-site by 15% of the respondents. Gold electroplating baths (usually
gold cyanide) have along life-span, and not surprisingly, the reported volumes were all 100 gallons per year or
less. Solutions containing gold may include spent gold electroplating bath, or the contents of drip or drag-out
tanks on the gold plating line. Silver is present in film developing fluids that may be reclaimed on-site
(electrowinned), shipped off-site for metal reclamation, or combined with other waste streams and treated
conventionally.

Ten percent (10%) of the respondents indicated that spent rack stripping solution is shipped off-site. Plating
racks are typically coated with a non-conductive substance to prevent electroplating from occurring on the rack
surfaceitself. Dueto use, this coating may degrade and plating can accumulate on the rack, especially near the
clamps and contact points. This unwanted copper deposit is removed in a stripping solution such as dilute nitric
acid. The volume of spent stripping solution can be significant.

Nearly ninety percent (90%) of those who provided data concerning the destination of their sludges indicated that
they ship the sludges to recycling facilities rather than landfills.

1.4.7 Wastewater Treatment

End-of-pipe treatment is, by definition, not pollution prevention (P2). However, it is an important aspect of
pollution control and it sometimes competes financially with pollution prevention options when facilities are
developing pollution control strategies. To make informed decisions about implementing P2 alternatives that
include consideration of all applicable costs and potential savings requires accurate data. Therefore, the topic of waste
treatment was included in the PWB survey project so that the true costs of treatment could be examined. The
applicable portion of the survey form requested respondents to describe the type of waste treatment system currently
in use at their facilities and to provide operating and cost data. The following is a summary of the end-of pipe
treatment information provided by the respondents.

The primary purpose of the wastewater treatment systems employed is the removal of dissolved metals. Thisis
accomplished by the respondents through installation of conventional metals precipitation systems, ion
exchange-based metals removal systems, and combined precipitation/ion exchange systems.

Forty percent (40%) of the respondents reported using ion exchange as their basic waste treatment technol ogy.

1.4.8 PWB Industry Environmental Problems and Needs

Checklists were included on the survey to identify sources of information, environmental and health challenges, and
areas where insufficient information is available for the industry. The respondents were also allowed to fill-in items
that were not covered in the checklists. The results are summarized below.

Environmental and Occupational Health Challenges. Of the environmental and occupational health

challenges on the checklist, the challenges most frequently cited were increasing cost of compliance (68.6%),
frequently changing regulations (55.8%), and reducing worker exposure to chemicals (41.8%) (Figure 1-16).
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Exhibit 1-16. Environmental and Occupational Health Challenges
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Information Needs. The most frequently cited P2 information need by survey respondents was chemical
recycling (41.9%) (Exhibit 1-17). Other information needs frequently cited were water recycling (33.7%) and
certified courses for pollution prevention (33.7%), fully or semi-additive process (30.2%), tin-lead alternatives
(29.1%), smear removal aternatives (23.3%) and direct imaging (15.1%).

Sour ce of Technical Information. The survey indicates that PWB facilities draw on avariety of sources
when seeking information (Exhibit 1-18). The sources of information that were identified most frequently by
the respondents were in-house engineer (50.0%), vendors (48.8%), and professional journals (39.5%).
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Information Needs

Exhibit 1-17.
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Exhibit 1-18. Sources of Technical Information Used
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2.0 Laws and Regulations Affecting Pollution Prevention
and Recycling for PWB Manufacturers

2.1 Introduction

Implementing a sound environmental protection strategy for a PWB facility may involve using a range of reduction
and waste management methods that work in unison, including waste reduction, recycling, treatment, and disposal .
Decisions regarding each facility’ s strategy are usually guided by a number of factors, including a desire to meet
environmental regulations, reducing liability and operating costs, maintaining/improving the company’ s image and
reducing risks to workers, the public, and the environment. Of these factors, compliance with environmental
regulations is often the overriding factor. Understanding the influence of regulations and the need to move toward
more environmentally sound pollution control practices and to encourage source reduction practices, Congress passed
the Pollution Prevention Act of 1990 (PPA). The PPA declared it anational policy to prevent or reduce pollution at
the source whenever feasible. This section of the report helps to understand the impact of the PPA and other federal,
state, and local regulatory initiatives that promote source reduction and recycling.

2.2 Federal Laws and Regulations Affecting Pollution Prevention and
Recycling
Several key federal laws and regulations affect decisions regarding implementation of pollution prevention, with the
most influential being the Pollution Prevention Act of 1990, Emergency Planning and Community Right-to-Know
Act (EPCRA, also known as SARA Title 111), the Resource Conservation and Recovery Act (RCRA, which covers
regulation of hazardous wastes), and the Clean Water Act (CWA, which covers regulation of wastewater discharges).
The following overview of these laws identifies provisions that pertain to PWB manufacturing pollution prevention.
A summary of thisinformation is presented in Exhibit 2-1.

Exhibit 2-1. Summary of Federal Legislation Affecting Pollution Prevention and Recycling

Pollution Prevention Act of  Formalized a national policy and commitment to waste reduction, functioning
1990 (PPA) primarily to promote the consideration of pollution prevention measures at the
federal government level.
Resource Conservation and Congress declared that the reduction or elimination of hazardous waste generation at
Recovery Act (RCRA), the source should take priority over other management methods such as treatment
including the Hazardousand  and disposal. Hazardous waste generators are required to certify on their hazardous
Solid Waste Amendments waste manifests that they have programsin place to reduce the volume or quantity
(HSWA) to RCRA and toxicity of hazardous waste generated to the extent economically practicable.
Materials that are recycled may be exempt from RCRA regulationsiif certain
conditions are met.
Emergency Planning and EPCRA requires certain companies to submit an annual report (Form R) of the
Community Right-to-Know  amount of listed “toxic chemicals’ entering the environment. With passage of the
Act (EPCRA, also known as PPA, new reporting requirements were added to the Form R. Source reduction and
SARA Title 111) waste management information must be provided for the listed toxic chemicals.
Clean Water Act (CWA) CWA regulations pertain to wastewater discharges. Most industries must meet
discharge standards for various pollutants. Specific methods of control such as
pollution prevention are not specified; however, many facilities use pollution
prevention as a means of reducing the cost of compliance with federal regulations.
State and local authorities generally have the responsibility to implement the
provisions of the CWA. These authorities must enforce the Federal guidelinesasa
minimum, but may choose to enforce more stringent requirements. Some localities
include pollution prevention planning requirements into discharge permits.

2.2.1 Pollution Prevention Act of 1990

Pollution prevention is arelatively new theme in environmental laws and regulations. In 1990, Congress passed the
Pollution Prevention Act to promote the consideration and adoption of source reduction and recycling in both
regulatory and non-regulatory settings. This statute is a foundation for future regulations and Agency initiatives,
rather than a specific set of rules. The law obligates EPA to develop and implement a strategy to promote source
reduction that includes:
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reviewing existing and proposed programs and new regulations to determine their effect on source reduction
coordinating source reduction activities among Agency programs and other federal agencies

streamlining public access to environmental data and foster the exchange of source reduction information
establishing pollution prevention training programs for Federal and state environmental officials
facilitating adoption of source reduction by businesses

identifying and make recommendations to Congress to eliminate barriers to source reduction

Since the passage of the Pollution Prevention Act of 1990, EPA has implemented a diverse set of programs and
initiatives to meet their obligations defined by the law. Key to EPA’s approach is an array of partnership programs
that are collectively referred to as Partners for the Environment. Through these efforts, EPA is utilizing voluntary
goals and commitments to achieve environmental resultsin atimely and cost-effective way. Thisisbeing
accomplished by building cooperative partnerships with avariety of groups, including small and large businesses,
citizen groups, state and local governments, universities, and trade associations.

Examples of these collaborative efforts include programs such as 33/50, WasteWi$e, Climate Wise, Green Lights,
Energy Star, WAVE, the Pesticide Environmental Stewardship Program, Indoor Air, Indoor Radon, Design for the
Environment, the Environmental Leadership Program, and the Common Sense Initiative.

The Pollution Prevention Act of 1990 reinforced EPA’s environmental management options hierarchy, where the
highest priorities are assigned to source reduction, which is analogous to pollution prevention. Thisinvolvesthe
judicious use of resources through, for example, product and process change, reuse of input materials during
production, reduced water consumption, and energy efficiency.

The Pollution Prevention Act of 1990 is essentially aformalized national policy and commitment to waste
reduction. However, even before passage of the PPA, some early consideration was given to waste reduction
activities. Of the previous legislation, those most affecting P2 are the RCRA, EPCRA and the CWA.

2.2.2 Resource Conservation and Recovery Act (RCRA)

EPA regulates the management and control of al hazardous wastes from their point of origin to final disposal.
These regulations are primarily the direct result of two congressional mandates: subtitle C of the 1976 Resource
Conservation and Recovery Act (RCRA) (PL 94-580) and the 1984 Hazardous and Solid Waste Amendments to
RCRA (PL 98-616). EPA hasissued regulations, found in 40 CFR Parts 260-299, which implement Subtitle C.
However, in many states, RCRA requirements are implemented through EPA -authorized State hazardous waste laws,
which may be more stringent than Federal requirements. A facility should always check with the state when
analyzing which requirements apply to their activities.

This section reviews some elements of the RCRA regulations that pertain to management of wastes from PWB
manufacturing. In particular, RCRA rules regarding hazardous waste identification, requirements for generators, and
aspects of recycling are covered. Also, note that all definitionsin this section are intended to pertain solely to
RCRA.

Identification of Hazardous Wastes. Each PWB facility has the responsibility for determining whether a
waste it generates is hazardous and what classification, if any, appliesto the waste. Part 261 of 40 CFR addresses
the identification and listing of hazardous wastes. The facility must examine the regulations and undertake any tests
necessary to determineif the wastes generated are hazardous. Wastes can be classified as hazardous either because
they arelisted by EPA through regulations that appear in the CFR or because they exhibit certain characteristics.
Listed wastes are specifically named, for example, wastewater treatment sludges from el ectroplating operations
(FO06). Characteristic hazardous waste are wastes that “fail” a characteristic test, such as the RCRA test for toxicity.

When determining the status of a particular material, it isimportant to be familiar with the regulatory definitions of
certain terms. Some of the important terms are defined in Exhibit 2-2.
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Exhibit 2-2. Definitions of Terms Related to Waste Management/Recycling

Term

Definition

solid waste

Any discarded material that is not excluded under RCRA (exclusions are found in 40 CFR

261.2 and 261.4(a)) or by avariance granted under RCRA (procedures for variances are
covered in 40 CFR 260.30 and 260.31).

hazardous waste

A solid waste that meets any of the RCRA hazardous waste criteria (described in 40 CFR

261.3) and is not excluded from regulation as a hazardous waste (exclusions are found in 40

CFR 261.4(b)).
spent material

Any material that has been used and as a result of contamination can no longer serve the

purpose for which it was produced without processing (40 CFR 261.1(c)(1)).

by-product

A material that is not one of the primary products of a production process and is not solely

or separately produced by the production process (40 CFR 261.1(c)(3)).

dudge

Any solid, semi-solid, or liquid waste generated from a municipal, commercial, or industrial

wastewater treatment plant, water supply treatment plant, or air pollution control facility
exclusive of the treated effluent from a wastewater treatment plant (40 CFR 260.10).

scrap metal

Bits and pieces of metal parts (e.g., bars, turnings, rods, sheets, wire) or metal pieces that

may be combined together with bolts or soldering (e.g., radiators, scrap automabiles,
railroad box cars), which when worn or superfluous can be recycled. (See 40 CFR
261.1(c)(6)). A material is“recycled” if itis used, re-used, or reclaimed.

excluded scrap metal

Includes home (40 CFR 261.1(c)(11)), prompt (40 CFR 261.1(c)(12)) and processed scrap
metal. (See 40 CFR 261.1(c)(10)).

Exhibit 2-3. Federal Regulatory Determinations*

Waste Type/Description

Regulatory Status under Federal RCRA

Unused/off-specification circuit boards:
Manufacturers of computer circuit boards send unused/off-
specification printed circuit boards off-site for reclamation.

As amatter of policy, whole unused circuit boards are
classified as commercia chemical products and if recycled
are excluded from the definition of solid waste. (See 40
CFR 261.2 Table 1).

Used whole printed circuit boards:

Old electronic equipment may be disassembled and the
usable parts salvaged. Salvaged circuit boards may be sent
for reclamation.

As amatter of policy, unprocessed, spent printed circuit
boards are classified as scrap metal and if recycled are
exempt from the definition of hazardous waste. (See 40
CFR 261.6(a)(3)(ii)). Whole used circuit boards which
contain mercury switches, mercury relays, nickel-cadmium
batteries, or lithium batteries do not meet the definition of
scrap metal. However, EPA does not intend to regulate
under RCRA circuit boards containing minimal quantities
of mercury switches, mercury relays, and/or batteries that
are protectively packaged to minimize dispersion of metal
constituents and that are part of a materials recovery
program. (See 63 FR 28629).

Shredded circuit boards:

Circuit boards are often shredded, for various reasons, prior
to reclamation. The process of shredding circuit boards
produces small fines from the whole board which are
dispersible and do not meet the RCRA regulatory
definition of scrap metal.

Shredded circuit boards being recycled are excluded from
the definition of solid waste provided that they are: 1)
stored in containers sufficient to prevent areleaseto the
environment prior to recovery; and 2) free of mercury
switches, mercury relays, and nickel-cadmium and lithium
batteries. (See 40 CFR 261.4(a)(14)).

Circuit board trimmings:

Manufacturers of computer circuit boards send board
trimmings from the production process off-site for
reclamation.

Asamatter of policy, circuit board trimmings are
classified as characteristic by-products. If reclaimed, they
are excluded from the definition of solid waste. (See 40
CFR 261.2 Table 1).

Solder dross:

Generated by the periodic skimming of molten solder
baths used in the production of printed wiring boardsto
remove contaminants acquired through use of the molten

solder baths.

Asamatter of policy, solder drossis classified asa
characteristic by-product. If reclaimed, it is excluded from
the definition of solid waste. (See 40 CFR 261.2 Table
1).
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Spent solder baths (pot dumps):
Solidified pieces of tin-lead solder baths used in the
production of printed circuit boards.

As amatter of policy, spent solder baths are classified as
scrap metal and if recycled are exempt from the definition
of hazardous waste. (See 62 FR 26013).

Sweeps:

Thisterm refers alternatively to a powdered materia that is
aresidue of thermal recovery of precious metal-bearing
secondary material (often ash that is crushed into
particulate form in aball mill or similar device) or
particulate material that is collected from firms handling
precious metals, such as jewelers and metal finishers.

As amatter of policy, sweeps are classified as a by-
product. If hazardous solely by exhibiting a characteristic
and being reclaimed, they are excluded from the definition
of solid waste. If they are derived from a source material
that meets the description of alisted hazardous waste, the
sweeps are regulated as a solid and hazardous waste. (See
62 FR 26013).

Baghouse dust:
Circuit boards are often sent to precious metal recovery
furnaces for reclamation.

Asamatter of policy, baghouse dust from precious metal
recovery furnacesis regulated asadudge. |If hazardous
solely by exhibiting a characteristic and being reclaimed,
they are excluded from the definition of solid waste. If
they are derived from a source material the meets the
description of alisted hazardous waste, the sweeps are
regulated as a solid and hazardous waste. (See 62 FR
26014).

Photoresist skins:

Dry filmresists are typically stripped in hot potassium
hydroxide, which does not fully dissolve the resist
material. The solids (photoresist skins) are filtered out to
prevent clogging of spray nozzles, prevent redeposition on
panels, and prolong the life of the stripper.

The determination as to whether or not photoresist skins
are hazardous waste will depend on the analysis of the
individual facility by the State or Regional regulatory
authority.

Etchant:

Commercial akaline etchant is distributed for use to
manufacturers of printed circuits. After a period of use,
the alkaline etchant is reduced bel ow acceptable levels and
becomes “spent.” The spent material is then returned to
the manufacturer of the alkaline etchant, where copper is
recovered and the remainder of the etchant isthen used asa

raw material to produce additional akaline etchant.

The determination as to whether or not spent etchant
generated at a particular facility is hazardous waste will
depend on the material, how it is managed, and the
recycling process used. Generators should contact their
State or Regional regulatory authority for assistance with
making this determination.

* State laws may vary from Federal rules with regard to the classification of PWB wastes. Facilities are urged to
contact their applicable state agency for the most recent information. State Agencies can be located using the
Internet web site of the Printed Wiring Board Resource Center (http://www.pwbrc.org).

Although the RCRA regulations are fairly specific, there are some instances where clarification is necessary.
Clarification or interpretations are often provided by EPA in direct response to requests. These responses are
particularly useful when facilities are making determinations about specific types of wastes. Some of the
clarifications and interpretations provided by EPA that apply to wastes generated during PWB manufacturing are

summarized in Exhibit 2-3.

Requirements for Hazardous Waste Gener ators. Producers of hazardous waste (called generators) are
ultimately responsible for the proper identification, pre-transport storage, and packaging and tracking of the waste.
The generator first determines whether the waste is hazardous according to the criteria outlined above though,
alternatively, the generator may simply declare the waste hazardous and treat it accordingly. If the waste is known to
be nonhazardous, the generator need not test it. The responsibility for the accuracy of the determination of whether

the waste is hazardous or not lies with the generator.

Generators of hazardous wastes are also responsible for notifying EPA and maintaining records of their activities,
using appropriate containers, labeling the containers, and ensuring proper disposal. The law requires most generators
of hazardous waste to use a manifest system to ensure the proper transport and disposal of the wastes. The manifest
system records the movement of hazardous wastes from the generator's premises to an authorized off-site treatment,
storage, or disposal facility. The generator must maintain original manifests for three years, and must report to EPA
if the manifest is not returned to him within 45 days. An exception report must be completed for any non-returned
manifests. Annual reports documenting shipments of all hazardous wastes originating during the report year also are
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required. All information submitted by a generator is available to the public to the extent authorized by the Freedom
of Information Act and EPA rulesrelated to that Act.

Recycling Aspects of RCRA. Certainrecycling activities can be implemented by PWB facilities that may
remove materials from RCRA regulation that otherwise would be considered hazardous wastes. Recycling can be
accomplished in severa ways, for example: (1) using or reusing materialsin an industrial processto make a
product, provided the materials are not being reclaimed (see definition of reclaimed material in Exhibit 2-2); (2) using
or reusing the material as an effective substitute for commercial products; or (3) returning materials to the original
process from which they are generated, without first being reclaimed (where the material is returned as a substitute
for raw material feedstock).

Materials managed by these types of recycling are not classified as solid waste and therefore are out of the scope of
RCRA Subtitle C regulation. However, materials recycled in other ways are considered solid wastes subject to
Subtitle C, including: (1) materials used in amanner constituting disposal or used to produce products that are
applied to the land; (2) materials burned as afuel or for energy recovery; (3) materias that are speculatively
accumulated; and (4) inherently waste-like materials (these materialsinclude listed hazardous wastes that are always
subject to RCRA regulation).

To assist the regulated community in determining whether amaterial that they recycle is a solid waste, EPA has
released regulatory determinations that address specific production processes and wastes. By comparing their own
situations to those in the determinations, industry personnel can develop a clearer understanding of the regulations
and improve their waste management practices.

RCRA regulatory determinations that pertain to recycling at PWB facilities are summarized in Exhibit 2-3. These
determinations address the following materials. etchant, photoresist skins, solder dross, pot dumps, off-spec boards
and trimmings, and used printed circuit boards. Generators should check with their state regulating officesto
determineif the Federal interpretations apply.

2.2.3 Clean Water Act Wastewater Regulations

Wastewater discharges from PWB manufacturing operations are governed by regulations developed under the Clean
Water Act. Of particular importance are the categorical regulations that cover electroplating (40 CFR 413) and metal
finishing (40 CFR 433). These regulations contain specific performance standards for contaminants discharged from
PWB manufacturing processes. The wastewater regulations have been divided into several layers of categories. those
for existing and new sources; and those for direct and indirect discharges. Direct dischargers are regulated by the
National Pollutant Discharge Elimination System (NPDES), under which EPA or its state equivalent issues a
separate permit to each discharger containing specific discharge limitations, reporting requirements, and compliance
schedules. NPDES permits are renewable every five years. Indirect dischargers must conform to national
pretreatment standards, both general and specific, which are enforced by the local government under EPA oversight
authority.

While local governments must enforce the Federal discharge limits as a minimum, they have the authority to impose
discharge standards that are more stringent than the Federal limits. Aswill be discussed, the enforcement of more
stringent local limitsis today more common than that of the Federal limitations.

For regulating purposes, €l ectroplating plants, including PWB manufacturing facilities, have been divided into
several categories. Facilities arefirst divided into captive and job shops. A captive shop owns more than 50 percent
(annual area basis) of the materials undergoing metal finishing. A job shop owns 50 percent or less. PWB
manufacturing job shops are referred to in the regul ations as independent printed circuit board manufacturers
(IPCBM). Facilities have also been labeled as existing sources or new sources, depending on when they began their
operations. New sources are those facilities that began their operations after August 31, 1982.

Most of the PWB facilities responding to the P2 Survey are indirect dischargers whose applicable federa regulations
arefound in 40 CFR 413 (Electroplating Regulations) or 40 CFR 433 (Metal Finishing Regulations). These
regulations are shown in Exhibits 2-4 and 2-5. The Part 413 regulations apply to independent PWB manufacturing
facilities that were in existence since July 15, 1983. All other facilities are covered by Part 433 regulations.

The eectroplating pretreatment standards for existing dischargers (Part 413) include an alternative mass-based standard
for printed wiring board manufacturing facilities. The standard is expressed in units of milligrams per square meter

19



of boards processed per operation. An operation isany “éeectroplating” step (e.g., electroless copper plating, copper
sulfate plating) that is followed by arinsing step. These standards can only be used upon prior agreement between a
PWB facility and the regulatory authority. One purpose of mass-based standards is to encourage the implementation
of pollution prevention. For example, afacility that has a concentration-based copper limitation has less of a
regulatory compliance incentive to install a drag-out tank and counterflow rinse than afacility with a mass-based
limitation. That's because afacility with a concentration limit has to treat the wastewater to the same low
concentration level regardless of the incoming flow rate and concentration. Alternatively, the facility with the mass-
based standard may reduce the wastewater flow and mass of copper entering the treatment system and not have to
achieve aslow of an effluent concentration.

The CWA also has provisions for requiring best management practices (BMPs) in discharge permits. BMPs are
typically baseline practices that are low in cost and easily implemented. Examples of BMPsinclude: good
housekeeping, preventative maintenance, employee training, waste segregation, and use of specific P2 measures such
as drip guards.

Exhibit 2-4. Pretreatment Standards for the Electroplating Category
(40 CFR 413.84(b), (c),and (d))

Fecilities Discharging <10,000 gpd

Pollutant Daily Maximum, mg/l Max. 4 Day Avg, mg/l
Cadmium 12 0.7
Lead 0.6 0.4
Cyanide (amenable) 5.0 2.7
Total Toxic Organics 457 --

Facilities Discharging >10,000 gpd

Pollutant Daily Maximum, mg/l Max. 4 Day Avg, mg/l
Cadmium 12 0.7
Chromium 7.0 4.0
Copper 45 2.7
Lead 0.6 0.4
Nickel 4.1 2.6
Zinc 4.2 2.6
Cyanide (total) 19 1.0
Total Toxic Organics 4.57 --

Facilities Discharging >10,000 gpd — Alternative Mass-Based Standards
Daily Maximum, mg/m?

Pollutant of Operation Max. 4 Day Avg, mg/l
Cadmium 107 65
Chromium 623 357
Copper 401 241
Lead 53 36
Nickel 365 229
Zinc 374 232
Cyanide (total) 169 89
Total Metals 935 609
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Exhibit 2-5. Pretreatment Standards for the Metal Finishing Category (40 CFR 433.15(a))

Pretreatment Standards for Existing Sources (PSES)

Pollutant Daily Maximum, mg/l Max. Monthly Avg, mg/l
Cadmium 0.69 0.26

Chromium 2.77 171

Copper 3.38 2.07

Lead 0.69 0.43

Nickel 3.98 2.38

Zinc 261 1.48

Silver 0.43 0.24

Cyanide (total) 12 0.65

Total Toxic Organics 2.13 --

Note: Pretreatment standards for new sources (PSNS) are identical to PSES except for the cadmium limitations which are 0.11 mg/l and 0.07
mg/| for the daily maximum and monthly average.

2.3 State Pollution Prevention Laws

A number of states have passed laws that incorporate aspects of pollution prevention into RCRA and EPCRA
reporting requirements. Generally, these laws require industrial facilities that generate hazardous waste to develop a
source reduction and waste minimization plan, including an implementation schedule, and to track and report waste
reduction progress. A list of states with mandatory pollution prevention laws are presented in Exhibit 2-6. The
following are some examples of provisions from state laws:

Arizona, Californiaand Minnesota have similar P2 requirement. The Arizonalaw applies only to facilities that
must file the annual Toxic Chemical Release Inventory Form R required by EPCRA Section 313 or during the
proceeding 12 months generated an average of one kilogram per month of an acutely hazardous waste.
Minnesota' s law has similar applicability. The Californialaw only appliesto facilities that generate more than
12,000 kilograms of hazardous waste or 12 kilograms of extremely hazardous waste in a calendar year. Each of
the three programs requires facilities to perform pollution prevention planning that identifies waste sources and
specific technical stepsthat can be taken to eliminate or reduce the generation of hazardous wastes. Each
program requires that facilities submit progress reports with the length of time between reports ranging from
oneto two years.

Texas has established a similar program; however, they have implemented a two-tier P2 system with source
reduction as the primary goal and waste minimization as the secondary goal. The program haswide
applicability in that it appliesto all hazardous waste generators, exempt for conditionally exempt small quantity
generators. Planning, tracking, and reporting requirements of the Texas law are similar to those of the Arizona,
Cdlifornia, and Minnesota laws.

A number of states have implemented voluntary pollution prevention programs. The foundation of these
programsis generally educational outreach and technical assistance mechanisms.

2.4 Local Pollution Prevention Requirements

The Clean Water Act gives qualified local POTWs the authority to administer pretreatment programs, including
regulation of industrial dischargers. These POTWs also have the authority to implement regulations that are more
stringent than federal guidelines, such as 40 CFR 433. Many local agencies have used this authority to reduce the
impact of industrial discharges on the operation of the POTW, reduce the concentration of toxic pollutantsin POTW
dludges and/or to reduce the mass of pollutants discharged by the POTW. Thisistypically accomplished by
lowering the permissible concentration limits of industrial discharges below the federal standards. Onelocal
program, administered by the Palo Alto Regional Water Quality Control Plant (RWQCP), also incorporates P2
requirements into pretreatment discharge permits. Thisis one of the first examples of the use of such requirements
in place of more traditional pollutant concentration limitations.

In response to its own stringent copper discharge limit, the RWQCP had to reduce the copper content of wastewaters
received at the plant. This effort isfocused upon all sources of copper, including stormwater runoff, as well as
residential, commercia and industrial activities. Since most of the industrial copper in the Palo Alto areais
discharged by metal finishing operations, particularly those associated with computer parts manufacture, the
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industrial portion of the copper source reduction efforts focused on printed circuit board manufacturing and other
metal finishing operations.

Based on their new requirements, RWQCP formed a Metals Advisory Group, made up of volunteers from local
industry, environmental awareness groups, the general public, and local officials. In collaboration, this committee
made a decision to implement a unique plan to meet the discharge standards. The plan involved giving metal
finishing and printed wiring board (PWB) manufacturers the choice between mass-based discharge limits or
concentration limits that carry an additional P2 requirement. The mass-based limits could be met in any manner that
the industrial discharger chose to implement. The mass-based limits were established on afacility by facility basis
using data collected through RWQCP-conducted P2 studies. If adischarger selected the concentration limits (e.g.,
0.4 mg/l Cu), they had to implement a specific set of P2 items that were referred to as Reasonable Control Measures
(RCMs). The RCMs were established through a study performed at six volunteer metal finishing and PWB shops.
The RCMs for PWB manufacturing facilities included:

Minimize drag-out (e.g., spray rinsing, drag-out tanks, air knives, splash guards, drip bars, changing drip times)
Counterflow rinsing (i.e., two stage with spray option)

Positive flow control (e.g., conductivity, timer, contact switch)

Extend bath life (e.g., purification, filtering, anode purity, change bath chemistry)

Pre-treat spent baths (e.g., electrowinning)

Control bath make-up (e.g., deionized water, control bath make-up and additions)

Minimize drag-in (i.e., prevent bath contamination)

Optimize wastewater treatment

There were atotal of 13 metal finishing and PWB shops in the RWQCP service areain 1995. One facility made an
unrelated decision to move out of the service area. Of the remaining 12 shops, eight facilities chose the
concentration-based limits and installation of the RCMs.
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Exhibit 2-6. State Pollution Prevention Programs

State Program Statute

Mandatory P2 Programs

Arizona AZ Rev. Stat. Ann. 49-961 to-73

Cdifornia CA Health & Safety Code 25244.12 to .24

Georgia GA Code Ann. 12-8-60 to -83

Louisiana LA Rev. Stat. Ann. 30.2291 to .2295

Maine ME Rev. Stat. Ann., tit. 38, 2301 to 2312

M assachusetts MA Ann. Lawsch. 211, 1 to 23

Minnesota MN Stat. Ann. 115D.01 to .12

Mi ssissippi MS Code Ann. 49-31-1to -27

New Jersey NJ Stat. Ann. 13: 1D-35 to -50

New Y ork NY Envtl Conserv. Law 27-0900 to -0925

Oregon OR Rev. Stat. 465.003 to .037

Tennessee TN Code Ann. 68-212-301 to -312

Texas TX Title 30, Ch 335

Washington WA Rev. Code 70.95C.010 to .240
Voluntary P2 Programs

Alaska AK Stat. 46.06.021 to .041

Colorado CO Rev. Stat. Ann. 25-16.5-101 to -110

Connecticut CT Gen. Stat. Ann Appendix Pamphlet, P.A. 91-376

Delaware 7 DE Code Ann. 7801 to 7805

Florida FL Stat. Ann. 403.072 to .074

Ilinois IL Ann. Stat. Ch. 111 , 7951 to 7957

Indiana IN Code Ann 13-9-1to -7

lowa IA Code Ann. 455B.516 to .518

Kentucky KY Rev Stat. Ann. 224.46-310 to -325

Ohio HB 147, HB 592

Rhode Idand RI Gen. Laws 37-15.1-1 to .11

South Carolina SC Code Ann. 68-46-301 to -312

Wisconsin WI Stat. Ann. 144.955

Source: Dennison, Mark, Pollution Prevention Srategies and Technologies, Government Institutes, Inc. Rockville, MD, 1996.
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3.0 Prevailing and Alternative Printed Wiring Board
Production Methods and Materials

3.1 Overview of PWB Manufacturing Processes

This section of the report addresses printed wiring board production methods and materials that are of particular
concern with respect to waste generation and pollution prevention and control. Thisinformation will help the reader
to relate the pollution prevention and control survey datato specific production steps. A brief overview of PWB
manufacturing processesis presented in this section. Thisis followed by a more detailed discussion of rigid
multilayer board manufacturing (Section 3.2), the most prevalent method of fabricating PWBs. The detailed
discussion also contains information on alternative production methods and materials that may reduce waste
generation and/or involve less hazardous materials. Section 3.3 presents information on waste generation rates,
alternative processes and potential P2 technol ogies applicable to PWB manufacturing steps.

Printed wiring boards are categorized in several ways. When overall complexity is being considered, they are often
categorized in terms of layer-counts, or the number of circuit layers present on asingle PWB. PWBsfall into three
layer-count categories: multilayer, double-sided and single-sided. The manufacturing steps for these different types of
boards are shown in Exhibit 3-1. Multilayer PWBs contain more than two layers of circuitry (i.e., at |east one layer
isimbedded in the substrate between the top and bottom layers of the board). A multilayer PWB may contain 20 or
more layers of circuitry, but more common layer counts are 4-10 layers. A typical motherboard for a Pentium
personal computer is usually a6- or 8-layer board. Double-sided boards have two interconnected layers and the
manufacturing process is a subset of the multilayer process. Single-sided PWBs have only one layer of circuitry.
Single-sided manufacturing is a small subset of the multilayer process with a considerable number of wet and dry
process steps eliminated.

PWBs are also categorized by substrate, or base material, type and fall into three basic categories. Rigid PWBs are
typically constructed with glass-reinforced epoxy-resin systems that produce arigid board at thicknesses of less than
0.1" (0.062 is the common rigid PWB thickness although there is atrend toward thinner PWBSs). Flexible (or flex)
circuits are manufactured on polyimide and polyester substrates that remain flexible at finished thicknesses. A third
category, rigid-flex, are acombination or assembly of rigid and flex boards laminated together during the
manufacturing process often to produce three dimensional circuits.

There are two basic types of manufacturing methods, although hybrid methods exist. Most common is subtractive
processing in which copper is selectively removed from a PWB; what remains forms the circuitry. What isreferred
to as the subtractive process does include additive steps (such as copper electroless and electrolytic plating) but the
process of forming the circuit on the substrate is performed by subtracting (etching) copper. Additive processing
refers to a process whereby the circuit is formed by selectively plating metal on a substrate thereby creating a circuit
layer. Inthefully additive process, no subtractive (etching) process occurs. Hybrid methods referred to as partially
additive and semi-additive are essentially subtractive methods, but the amount of copper etched from the boardsis
much less than with the standard subtractive process.

Rigid Multilayer Manufacturing. Thisprocessis covered in detail in Section 3.2.

Rigid Double-Sided Manufacturing. Not unlike single-sided, double-sided PWB manufacturing is a subset
of the multilayer process. Theinner-layer image transfer, lamination, and hole cleaning are eliminated. The
through-hole metallization processis required.

Rigid Single-Sided Manufacturing. Severa process steps, including through-hole metallization, are not
performed in this process. Furthermore, since no process step is unique to single-sided manufacturing, manufacturers
of multilayer and double-sided boards often include single-sided manufacturing as part of their product mix.

The most common sequence of single-sided production is drill, print-and-etch, surface finish, and final fabrication.
No inner-layer processing, through-hole plating, or hole-cleaning is performed.

Flexible PWB Manufacturing Overview. A flexible circuit is manufactured on materials that alow for

bending or flexing of the PWB to create a three-dimensional effect or to allow for movement of a device to which the
circuit is attached. Flex circuits can be designed to be flexed into shape once or afew times or to withstand
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thousands of flexing cycles. Flex circuits are found in printers, disk drives, automobile electronics, and awide range
of other common products.

Although similar to rigid manufacturing in many respects, the flexible circuit manufacturing process includes some
unique processes and materials, and in general, is not integrated into arigid PWB facility although data suggest a
trend toward integration. Therefore, few rigid PWB facilities have expanded into flexible circuit manufacturing. On
the other hand, manufacturers of flexible circuits often produce rigid boards as well, often as part of rigid-flex
assemblies. Flexible circuits may be single-sided, double-sided or multilayer, although the dimensional stability of
flexible circuit substrates generally complicates multilayer manufacturing.

Image transfer, drilling (if any), and through-hole plating (if any) processes are similar but not identical to their rigid
counterparts. Flex substrates are thin and unlike standard rigid materials. Thicknesses of afew mils are common
compared to rigid material thickness of up to 31 milsfor inner-layers and 62 mils for double-sided. Additionally,
tooling and surface finishing processes for flexible circuits are quite different when compared to rigid. A cover sheet
of similar materia to the base film is laminated over the circuit of flexible PWBs whereas rigid PWBs are coated
with soldermask. The coversheet is pre-punched to expose appropriate areas of the circuit for component soldering or
device connections. Solder coating is performed with hot air solder leveling or hot oil reflow. Many flex circuits are
nickel-gold coated.

3.2 Rigid Multilayer PWB Manufacturing

The remainder of Section 3 describes theindividual processes that are used for rigid multilayer board manufacturing,
the most common method of making PWBs. Each major step of the processis described using a*“use cluster”
approach. A use cluster is defined as a set of chemicals, processes, or technol ogies that may substitute for each other
to perform a specific function. This approach is used by EPA to assess the potential health and environmental risks
of alternative chemicals, processes, or technologies (ref. 2).

For purposes of this discussion, the fabrication of rigid multilayer PWBs has been subdivided into nine process steps
(see Exhibit 3.1). These steps form a generic process flow, with many processes and potential alternative processes
within each function. Each processis described below, identifying the most common processes, common
alternatives, and the general technology trends.

Exhibit 3-1. Typical Process Flow for Rigid Board PWB Manufacture

Typical Single-Sided Rigid PWB Manufacturing Sequence

Circuit
Design/Data
Acquisition

Final
Fabrication

Circuit
Design/Data Holes

A Pattern ’
A 1 Conductive
cquisition on Board

Final
Fabrication

Typical Multi-Layer Rigid PWB Manufacturing Sequence

Circuit Inner-Layer . Drill Hole Make

g Lamin lean Hol
Design/Data Image E‘m inate Pattern CD oies Holes
Acquisition Transfer ayers on Board (Desmear) Conductive

Surface Final
Finish Fabrication
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3.2.1 Circuit Design/Data Acquisition

Nearly all PWB design and layout is performed with Computer Aided Design (CAD) software, arelatively recent and
dramatic development in the history of PWB manufacture (Exhibit 3-2). CAD packages for personal computers
completely eliminated by the early part of this decade older methods of PWB layout. With the advent of CAD
systems came a dramatic change in the materials provided to PWB facilities that specify the manufacturing and a new
department, the CAM department, now existsin all PWB facilities to handle the incoming data.

Exhibit 3-2. Process Flow to Design and Produce Film with Data

Circuit Inner-Layer : Drill Hole
Design/Data Image Lﬁmlget;e Pattern Cé'gg#gf
Acquisition Transfer & on Board

Comput e
nputer Holes
Aided Conductive
Design (CAD)
. Direct
Disk Modem Link Internet

Computer Aided

Manufacturing
(CAM) Processing

Final
Fabrication

Photoplotting

Certain design aspects of PWBs affect the quantity and characteristics of wastes generated during manufacturing. The
designer, through manufacturing specifications, has some control over the environmental impact the circuit will
create. For example, specifying atin-lead surface finish may generate more hazardous waste than using an organic
solderability preservative.

Circuit layout also has some bearing on waste generation. For example, using blind/buried vias on multilayer
boards makes more efficient use of the available circuit “real estate” and may eliminate some layers. Thislayout
decision should be balanced against the additional wet processing required to make those holes conductive (i.e., more
layerstravel down the plating line and generate plating waste). A software package is currently being developed to
take these manufacturing and environmental impact factors into account. With this software, “What if” scenarios can
be run to compare the waste generated by one type of circuit and manufacturing process versus alternatives (ref. 9).
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3.2.1.1 CAM Processing

Modern PWB facilities must transform CAD generated data into customized tools for the manufacture of the part,
namely photo-tools, drill files and profile routing files. These functions are performed in what is usually called the
CAM department.

Datafiles are transferred to PWB manufacturing facilities on magnetic media, viamodem or viathe Internet. These
image files (native CAD files or, more often, "Gerber" files, so named for the company that created the format for
its vector plotters) along with drill and rout files are analyzed and graphically displayed by CAM software for sales,
quoting, and manufacturability purposes. Thereafter, the data are manipulated and edited to create the image, drill and
rout files for necessary for photo-tool creation and fabrication. Step-and-repeat patterns, thieving patterns, stretching
or shrinking to offset characteristic manufacturing dimensional shifts, registration and tooling marks, and other
editing is performed to create the highly customized photo-tools. Higher-end CAM packages will aso perform
design-rule checking and other manufacturability analyses.

3.2.1.2 Photoplotting

CAM files are transferred to photoplotters for film imaging. Modern laser photoplotters can image alayer of
circuitry in afew minutes or less. Silver-based high-contrast film, secured on aflat bed or arotating drum, is
passed under alaser source and the image created by the CAM software is reproduced on film. Developing is
performed in athree- or four-chambered conveyorized developer that includes devel oper, fix, rinse and drying steps.
The film generated in this step usually serves as the photo-tool for the image transfer process.

The film developing step does produce a small silver-bearing waste stream. The film itself contains approximately
0.0016 ounces per square foot and 80% of this silver winds up in the spent developer, fixant, and rinse (ref 10).
Metallic replacement or electrolytic plating can be used to recover silver from the waste chemistry. With metallic
replacement, the solution is passed through a steel wool cartridge where the iron in the steel wool reacts with the
silver and replacesit. A silver dudge settles to the bottom of the cartridge. An electrolytic recovery system (referred
to as electrowinning and discussed in Section 5) recovers silver by plating the silver in the solution onto cathodes.

Photo-tools are ultimately discarded after the tool has served its purpose. Some facilities collect this film and ship it
offsite for silver recovery although the small yields do not encourage such a practice.

A company has developed anew film that consists of athin layer of bismuth chemically deposited onto a polyester
base (ref. 11). The bismuth is then sandwiched by another polyester sheet that acts as a protective cover to prevent
scratching. The bismuth layer, initially opaque, has the property of becoming clear when heated. Gerber Scientific
Instruments has designed a laser photoplotter for this material that can also expose standard silver halide film. The
PRISM-IR photoplotter usesa 10W Nd:YAG infrared laser for the bismuth film, combined with ared laser diode for
silver film. Thisfilm requires no developing step, therefore, no waste stream is generated.

Registration systems, which maintain layer-to-layer alignment, usually include a film punch. The photo-tool is
imaged with targets (added to the image filesin the CAM department) that match fixtures in exposing frames
employed in the image transfer step. The targets are punched in manual or automatic film punches. Thefilmis
then inspected for flaws, repaired if necessary, and is then ready to perform as a photo-tool.

3.2.2 Inner Layer Image Transfer

The purpose of this process step is to transfer a circuit image to the copper-coated base laminate of the PWB
(Exhibit 3-3). Two basic strategies exist: subtractive and additive. The predominate method is subtractive which is
accomplished through a series of steps known collectively as“ print-and-etch.” Additive methods of multilayer
circuit manufacture are briefly covered in Section 3.1.
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Exhibit 3-3. Inner Layer Image Transfer
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Find
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3.2.2.1 Conventional Print-and-Etch

Print-and-etch is a series of process steps that accomplish the goal of image transfer from the photo-tool to the
copper foil layer of the base material. The "print" step includes the coating of the copper-foil-clad base material with
alight-sensitive, organic photoresist. The photoresist (so named because in addition to being light sensitive, the
coating will subsequently "resist” the etchant during alater step in the print-and-etch process) polymerizes when
exposed to alight source of appropriate energy. The phototool, placed over the photoresist, acts to allow only an
image of the circuit to be exposed, protecting the other areas of the photoresist layer. After exposure, the photoresist
layer is developed; the exposed, polymerized areas remain, the unexposed areas (those which were under opague areas
of the photo-tool) are washed away, revealing the copper layer underneath.

The "etch" portion of print-and-etch removes exposed copper areas selectively from the panel, but cannot attack the
copper residing under the photoresist. Thus, the image of the circuit is transferred from the photo-tool to the copper
layer.

PWB Laminate. The PWB base material consists of adielectric core that has been coated or impregnated with
resin. Thedielectric material is usually woven glass fibers or paper. Different combinations of these two materials
and the substitution of various resin systems can alter the electrical, physical, performance, and cost characteristics of
the material. The type of material employed for a specific part depends on the function of the PWB, design
requirements, and how it will be manufactured. Some materials perform better in certain environments (e.g.,
extreme heat or high humidity), others are more suitable for a particular manufacturing process (e.g., punching),
while others are chosen for their electrical properties (e.g., dielectric constant). FR4 is the designation given to the
most widely used material for the printed wiring board industry. It is constructed of multiple plies of resin
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impregnated woven glass cloth. Gl type material, also known as polyimide, is an example of a high temperature
type material. Itsresin system allowsit to sustain temperatures of 200°C vs. FR4's 120-135°C.

Copper foil isrolled or electrolytically deposited on the base laminate. PWB facilities generally purchase sheets of
copper-clad base laminate in sizes of 3x4 feet or larger.

Survey datarelative to base materials used by respondents are located in Appendix A.

Material Preparation. The core materia is sheared to panel size then cleaned mechanicaly, chemically, or by a
combination of both. The purpose of this cleaning step, referred to as “pre-clean” or “chem-clean,” isto remove
surface contamination, including any anti-tarnish coating present and to condition the surface copper topography to
promote the subsequent adhesion of photoresist.

Mechanical scrubbing methods include abrasive brush scrubbing and pumice scrubbing. Brush scrubbing removes a
thin layer of surface copper, thus ensuring a clean surface, but tends to impart stress to thin core material by
deforming it during the scrub. Brush scrubbing can also produce a surface not compatible with fine-line circuit
designs. Pumice or aluminum oxide scrubbing imparts less or no stress to the material and produces a favorable
surface for photoresist lamination, but is known to be ineffective at removing anti-tarnish coatings applied by
laminate manufacturers. Thus, pumice scrubbing is often accompanied by chemical cleaning.

Chemical cleaning is usually accomplished in a conveyorized spray chamber. Two chemistries are sprayed onto the
surface of the panel. Thefirst isusually a proprietary product designed to remove anti-tarnish coatings. The second
is amicro-etchant such as potassium persulfate, which is applied to further clean the surface and leave a desirable
surface finish. A third chamber may include a mild anti-oxidizer.

Pre-treated material does not require cleaning and is discussed in Section 3.2.2.2.

The decision of which cleaning method to use is driven by a number of factors. Pumice scrubbing is claimed by
some as the process that produces the best surface for photoresist adhesion (a critical consideration; poor photoresist
adhesion isamost always fatal). But pumice scrubbing requires rather expensive and maintenance-intensive
equipment. While rinsewater generated in the pumice scrubbing operation is usually free of metal (the surface copper
is deformed during pumice scrubbing, not removed), pumice scrubbing is usually preceded by achemical clean step
designed to remove the anti-tarnish coating that laminate manufacturers apply and this step does produce a copper-
bearing waste stream. Chemical cleaning produces a copper-bearing waste stream from each of the process tanks, but
the micro-etchant chemisty isfound in many processes and its associated copper recovery and treatment regimen is
likely to already bein place in the shop. Mechanical scrubbing produces copper dust in its waste rinsewater stream
which is easily removed by simple filtration. Mechanical stressimparted to thin core material during scrubbing and
the difficulty of maintaining a precise topography as brushes wear tend to limit mechanical scrubbing of very thin
materials.

Imaging. Theimaging process includes three steps: photoresist application, exposing (or “printing”) and
developing. Photoresists are available as adry film, currently the most common, and liquid resists. Dry film resists
are usually sold in rolls ranging from 2 in. to 60 in. wide and 125 ft. to 1,000 ft. long. Resist thickness varies
depending on the application. Resistslessthan 1 mil can resolve very finelines. Resist thickness of 1 to 1.5 mils
is common for imaging innerlayers. Thicker resists (1.5 to 2.0 mils) are used as plating, rather than etch, resists.
The greater thickness allows the metal to plate up the sidewalls of the film without mushrooming over the top.

This mushrooming effect will cause downstream problems during the resist stripping and etching steps (ref. 12).

The photoresist is applied with heat and pressure to the surface of the panel. This can be done with a hot-roll or cut-
sheet laminator. A cut-sheet laminator cuts the resist slightly less than the panel dimensions thereby generating
fewer resist trimmings than a hot-roll laminator. The photo-polymer film layer is sandwiched between a separator
sheet that is automatically peeled away by the lamination equipment and amylar cover sheet that is peeled away by
hand when the panel isready for development. Thistop coversheet also servesto protect the resist from scratches,
keeps contaminants from the surface and prevents the phototool from adhering to the resist. Modern dry film resists
for common print-and-etch functions are fully aqueous and are devel oped in a simple carbonate solution.

Although less common, liquid photoresists offer certain distinct advantages over dry film, and some disadvantages.
Liquid resist coating equipment is more expensive than dry film lamination equipment, but offers greater production
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rates (250-300 panels per hour vs. 150 panels per hour with dry film) (ref. 13, 14). Liquid resist is more tolerant of
surface topography, but requires a higher level of surface cleanliness. Since the coating does not include a cover
sheet (the phototool rests directly on the photosensitive coating), resolution of fine linesisimproved. Liquid resist
isapplied either by roller coating or by curtain coating. Roller coating allows double-sided coating and the
equipment is less expensive than curtain coating. Development is performed in similar or identical chemistry as dry
film.

The printing of the image is accomplished with afilm or glass phototool being placed between the panel to image
and alight source. A vacuum isdrawn to remove air and to ensure the phototool is held securely against the panel
before the light source is turned on. Hinged-glass frame fixtures have become common to expose panels. Pins can
be set in the glass and when used in conjunction with holes punched in the film achieve precise layer-to-layer
registration. One drawback with glassisits natural rigidity which can cause off-contact exposure (ref. 12). An
aternative to glassis a polyester blanket which achieves a very good vacuum, but as the polyester conforms around
the edge of the panel and contacts the bottom glass, it can isolate portions of the blanket from the vacuum source.
“Bleeders’ or “shims’ must be used to maintain a constant source of vacuum to the surface of the panel (ref. 15).

Some facilities remove the mylar cover sheet from the photoresist prior to exposing when the traces are very fine.
Theremoval of 1 more mil of separation between the photoresist and the phototool decreases the chances of light
diffusion under the phototool. Also, thereislesslight scattering, which results in more light hitting the panel and
better resolution of theimage. Finally, any foreign particles that collect on the coversheet will be removed along
with the coversheet. Using this method has enabled lines and spaces as fine as 1.5 mil (ref. 16).

Developing is performed in a sodium carbonate solution (1% to 2%). The same general developing chemistry can be
used for both dry film and liquid resist. The spent developer stream is of considerable volume, usually the largest
spent process fluid stream a PWB facility faces. Although copper is not usually present in the alkaline spent
developer, this stream, along with the spent resist stripper, is the source of photo-resist solids, or skins. Resist
solids from the developing of photo-resist does not generally fall into the category of FO06 wastes because the
processis not (usually) "in line or contiguous with an electroplating operation.” Developing precedes plating steps
and is separated from them by rinsing and drying steps, which is the basic consideration in determining the status of
the solids (see section 2.2.21). The more complicated status of resist solids generated during resist stripping
operationsis discussed in Section 3.2.7.1.

Alternative image methods are discussed in Section 3.2.2.2.

Etching. Etchingisrequired for any of the process alternatives within the subtractive process. Panels entering the
etch process have been coated with an etch resist, usually adry film photo-resist. Theresist layer selectively
protects the circuit areas from etchant, whereas the remaining copper foil is etched away.

Exhibit 3-4. Common Primary Etchants Used in PWB Manufacturing

Type Applications Advantages Disadvantages Cu Capacity
Cupric For use with Ease of regeneration Incompatible with metallic resists  15-20 oz
Chloride organicresists  Ease of copper recovery
Ammoniaca  Organic or Continuous operation Regeneration is more difficult 18-24 oz.

metalicresists  Ease of control
Sulfuric- Organic or Simple waste treatment Higher machine costs 4-50z
peroxide metallicresists  Ease of regeneration Employee safety concerns while
Constant etch rate handling concentrated chemicals

Etchant sprayed onto the surface of the panel removes the exposed copper, but cannot significantly dissolve the
copper residing under theresist. Inthisway, a copper circuit isformed. Etching is performed with conveyorized
equipment that typically includes amain spray chamber, an etchant flood rinse, and several cascading water rinses.
Long conveyorized units that include devel oping, etching, and film stripping are common only in large production
shops. Acidic cupric chloride and alkaline ammoniacal are the most common etchants (sulfuric-peroxide, acommon
microetchant, is also employed as a primary etchant). Chromic acid and ferric chloride, dominant in the past, are
now rarely found. A complex array of issues surround the choice between the remaining chemistries, and the
decision istied to downstream and upstream process material choices aswell as economic considerations.
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For example, cupric chloride is generally incompatible with the metallic resists (tin or tin-lead) which are commonly
applied to outer layers, but may be selected for inner layers based on performance (for fine-line etching), waste
minimization (ease of on-site regeneration and copper recovery), or other issues. In this example, two etching
systems are required, cupric chloride for inner layers and ammoniacal for outer layers. Being a one-step conveyorized
process, etching is not often a production bottleneck and two etching systems may be difficult to justify. For this
reason, many small shops employ the more versatile ammoniacal etchant for both inner and outer layers.

Cupric chloride etchants consist of cupric chloride (CuCl,) and hydrochloric acid. The simple etch reaction is driven
by copper’ s two oxidation states:

Cu+ CuCl, ® Cuy.l,

The reaction with cupric chloride etchant is reversible chemically by chlorination, oxidation with peroxide or other
oxidizer, or electrolytically. Several regeneration systems have been devel oped that reoxidize cuprous chloride and
maintain total copper content at desirable levels (usually in the 15 to 20 ounce/gallon range) (ref. 69). Chlorination,
the most common method, is performed in a closed-loop arrangement in which spent etchant is circulated through
the chlorinator and back to the etcher sump. Copper oxide waste is produced. Since this etchant is acidic, no attack
on the alkaline-sensitive dry film resists occur. Cupric chloride has asimilar etch rate to ammoniacal but is not, as
mentioned above, compatible with many metal resists.

Ammoniacal etchant is popular due to ease of use and general compatibility with most etch resists. Ammoniacal
etchant systems are comprised mainly of ammonium hydroxide and ammonium chloride. Other ingredients are
present to alesser degree and serve avariety of functions. Aswith cupric chloride etchant, the etching reaction is

driven by the cupric (Cutt) ion:
Cu+ (Cu(NH,) ) ® (2Cu(NHy),)*™

Ammoniacal etchants are maintained for continuous operation with a feed-and-bleed arrangement based on baume or
specific gravity measurements. In this arrangement, a pump is connected to a baume-activated switch. When the
baume of the etchant in the sump rises due to the increasing copper concentration, the pump is switched on. Copper
rich etchant is removed from the sump while fresh etchant is introduced. In thisway, a steady concentration of
copper (critical in maintaining a steady etching rate) is maintained. 1n the absence of regeneration, the spent
ammoniacal etchant stream is usually the largest waste stream shipped off-site by PWB shops.

Sulfuric-peroxide (i.e., sulfuric acid and hydrogen peroxide) is commonly used as amicro-etchant. This chemistry
was reported in use by a small percentage of respondents as a primary etchant. Sulfuric-peroxide has a much lower
copper-holding capacity than other etchants (approximately 4-5 oz/gal Cu vs. 15-24 oz/gal Cu or more for
ammoniacal and cupric chloride) but is easily regenerated on-site and is compatible with metallic etch resists.

The survey results relating to etchants are presented in Exhibit 3-5. 81% percent of the survey respondents use
ammoniacal etchant for inner-layer etching, while 18% use cupric chloride. Sulfuric-peroxide for inner-layer etching
wasin use by 2 respondents. 5 of the 10 largest facilities reported using cupric chloride. The disproportionate use
of this etchant amongst larger facilities may be due, in part, to their ability to economically justify two etching
systems (4 of these 5 facilities used ammoniacal etchant exclusively for outer-layer etching).

Outer-layer etchant use data are discussed in Section 3.2.7.2.
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Exhibit 3-5. Etchant Use
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Resist Stripping. The photoresist is stripped after etching. Stripping may be part of the conveyorized etching
process with another spray chamber or done as a batch processin a stripping tank. A wide array of resist strippers
exists. A hot potassium hydroxide (KOH) solution is one, but this process is inappropriate for spray operation
because the resist is removed in strips and not dissolved. Monoethanolamine (20% by volume in an acohol solvent)
is the chemistry of choice for most applications. Other proprietary formulations abound. Photoresist developer and
stripper wastes depend on the carrying capacities of the chemistries, the thickness of the resist, and the areato be
developed or stripped. See the Photoresist Stripping subsection in Section 3.2.7.1 for a discussion of the regulatory
status of resist skins.

Oxide. Oxidetreatment isused in PWB manufacture to promote copper-to-epoxy adhesion in multilayer
manufacture. The batch oxide process line usually contains four or five process tanks and three or four rinse systems
(Exhibit 3-6). The process tanks consist of a hot alkaline cleaner, a microetch, and the oxide bath itself, which may
include a dilute pre-dip for drag-in protection. The microetch may be persulfate- or peroxide-based. Oxide
chemistries are usually proprietary—a common oxidizer is sodium chlorite with sodium hydroxide. Other
ingredients vary from vendor to vendor. The oxide bath must be quite hot, usually 140 to 150°F or hotter. The
process takes 15 to 30 minutes to complete.

Exhibit 3-6. Typical Oxide Line
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One dternative is the conveyorized white oxide process that usestin oxide as the adhesion promoter. Approximately
four microinches of tin metal are plated by displacement on the copper surface in this self-limiting process (ref. 17).

Another alternativeisa proprietary acid-based oxide replacement (ref. 18). This solution is most effective when used
in conjunction with a new “drum-side treated foil,” but it reportedly produces good results with conventional foils as
well. Thisnew foil has topography with more surface area than ordinary copper foil, which allows for greater
deposition of the adhesion promoter. The proprietary oxide replacement is a sulfuric/peroxide-based system that is
applied horizontally with conventional spray equipment. The processtimeisless than 10 minutes and the process
bath temperature is 95-100°F. In addition to the increased productivity, some environmental benefits exist:

Sulfuric peroxide is used as a microetch in many facilities and waste treatment may already bein place.

Greater than 90% of the copper in the bath can be recovered with electrowinning or chilling whereas thisis not
possible with the oxide solution.

Sulfuric-peroxide baths are quite likely to be found elsewhere in the facility and the treatment and copper
recovery strategy already in place. Hypochlorite-based chemistry requires a distinct waste trestment strategy.
The shorter process line and process time reduces the amount of rinse water used and wastewater generated.

The survey dataindicate that all facilities producing rigid multilayer boards use the conventional oxide step for at
least some of their multilayer product and 13% also purchase double-treated material for some of their product. Of
the three exclusively flex manufacturers, one does not perform the oxide step at al, one does not use the oxide step
for 98% of multilayer product, and the third uses double-treated material on all of its multilayer product.

3.2.2.2 Image Transfer Options

Pre-treated Material. A minority of facilities reported using laminate that is pre-treated by the laminate
manufacturer with an oxide coating. This material, often referred to as“ double-treat” material, comes ready to use.
No scrubbing or chemical cleaning is needed, although some facilities will run the panels through tacky rollers prior
to lamination. Eliminating the need for oxide treatment reduces chemical and water usage as well as process steps.
Thisis attractive to smaller, quick turnaround shops.

Pre-treated material is not appropriate for several applications including blind and buried via processes, during which
the oxide coating would be removed during the via metallization process. Furthermore, rework of pre-treated panels
is often severely limited; for example, stripping photoresist and reapplying is afairly common rework scenario that
is not advisable with pretreated material simply because the stripping process includes a cleaning step prior to the
reapplication of the photoresist and this step will remove the oxide coating. Automated Optical Inspection (AQOI)
performance can be negatively affected by the dark, nearly black surface of the oxided material. And finaly, while
positively affecting waste generation at the PWB shop, the strategy of purchasing pre-treated material simply pushes
the oxide process and its attendant waste upstream to the laminate manufacturer.

Direct Imaging. Directimagingisan aternative to using film or glass photo-tools. The panel is coated and
devel oped the same as when using a photo-tool, but the exposing step is done with alaser in place of a photo-tool.
Direct imagers are similar to photopl otters, except the photoresist-coated panel isimaged by laser rather than film
(so similar are the two the direct imaging machines are usually designed to perform either task). The high capital
costs, performance issues, and the fact that direct imaging takes longer than conventional exposing in most cases
have historically impeded the penetration of thistechnology. However, advancements in photo-resist technology and
improvementsin laser technology are renewing interest in direct imaging.

In addition to the cost savingsin film and devel oper chemistry, finished product yields may increase as well dueto
improved alignment between layers. Film photo-tools suffer dimensional instability from the environment where
they are created, used and stored. Changesin temperature and humidity can cause characteristic and troublesome
stretching and shrinking of film photo-tools. The dimensional instability of film is, in many cases, s the largest
contributor to the overall registration tolerance of the manufacturing process. With direct imaging, only the
positional tolerance of the imager (usually claimed to be less than 1 mil over 24 inches) contributesto
misregistration. Furthermore, direct imaging eliminates the defects introduced by imperfections (dust, scratches) in
the photo-tool that occur during photo-plotting or thereafter during handling and use.

Electrodeposited Photoresist. Recently acompany has developed a positive acting, cathodically

electrodeposited photoresist. Electrodeposited (ED) photoresists offer an aternative for imaging very fine lines and
spacing while using the print and etch process. Lines and spacing at 2 mils have successfully been etched with ED
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resist. Conductive surfaces are completely and uniformly covered with resist by submerging them in an agueous,
micellular dispersion of theresist. Using arectifier, the panel is charged to either a negative or positive potential
and attracts the polymer micellesin the resist bath. The panels come out of the bath with a clear resist coat; thereis
no color pigmentation. Theresist is non-tacky so phototools can be placed directly on the panel. The elimination
of the coversheet, normally found with dry film resists, improves line and space resolution. The image is developed
with an aqueous acid that differs from the standard resist developing chemistry.

This ED resist coating has some advantages over dry film photoresists: Dry film will tent over surface imperfections
(e.g., pits and scratches) rather than conform to them, which could allow etching chemistry to etch out the
underlying copper. Also, dry filmisrelatively thick (1 mil or greater) compared to ED resist (0.3 to 0.5 mils thick).
This makes it more difficult to develop out the channels between closely spaced circuitry. Another useful feature of
ED resistsis the ability to make landless vias. Dry film tents over holes therby sealing off the hole barrel during
etching but it requires a pad, or annular ring, to anchor the film to the surface surrounding the hole. ED resist coats
the barrels of holes, aswell as the surface, and eliminates the need for a pad (ref. 19).

3.2.2.3 Blind/Buried Via Multilayer Manufacturing

These two technologies are speciaty type multilayer manufacturing which have been devised to make more efficient
use of circuit "real estate.” Both methods are considerably more expensive to manufacture and are not recommended
as acasua solution to circuit routing problems due to dense layouts. Buried vias are drilled through innerlayers and
do not exit to either outer layer. Blind vias start at one surface layer but terminate prior to penetrating all of the
layers.

Because of the surface preparation steps required prior to making holes conductive, pre-treated material cannot be used
for blind or buried vias.

Buried Vias. The manufacturing process differsin that the innerlayer material must be drilled (Section 3.2.4) and
the holes made conductive (Section 3.2.6) prior to exposing and lamination (Section 3.2.3). It is processed as a tent
and etch outer layer (Section 3.2.7.1). Thisis performed for each pair of layers with buried vias. Then, they are
then laminated together and afterwards, processed normally starting at drilling.

Exhibit 3-7. Process Flow for a Buried Via Processing
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Complex sets of buried vias can greatly complicate the manufacturing process. For example, if the buried vias are
designed to penetrate more than two layers, multiple or sequential lamination is required and the first four stepsin
Exhibit 3-7 are repeated one or more times.

Blind Vias. There aretwo methods for manufacturing blind vias, each with their own advantages and
disadvantages. Thefirst isto print, etch, laminate, and drill the innerlayers with the blind vias. After metallizing
the holes, the next set of blind vias (or the remaining layersif there are no more blind vias) are laminated to the first
assembly. Thisisaso known as “sequential lamination” since the panel goes through multiple laminations for each
set of blind vias (Exhibit 3-8). Itisareliable method for plating holes since the vias are plated as through-holes
rather than as blind holes, but sequential lamination requires several time-consuming lamination cycles and increases
the square footage usage of the metallization line, which increases waste generation.



Exhibit 3-8. Blind Via Process Using Sequential Lamination
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The alternative method to create blind viasis to use controlled depth drilling (Section 3-9). With this method, all of
the innerlayers are laminated in one step, similar to standard multilayer manufacturing. The panels are then drilled
with through-holes. Blind vias are drilled with precise controlled depth drilling. The panel is then sent to hole
cleaning and the through-holes and vias are made conductive as with the normal multilayer process.

The efficiency of the controlled-depth-drilling method is consi derable when compared to the af orementioned sequential
lamination method, but process windows in both the drilling and plating steps are quite narrow. To accurately
penetrate a panel with CNC drilling equipment, at a precise depth, depends on several factors, including: an intimate
knowledge of the internal z-axis position of the layersin the multilayer panel; panel-to-panel and across-panel
consistency of the z-axis position of the layers; and the accuracy of the z-axis control of the drilling machine.

Plating blind holesis also challenging. Removing trapped air and providing fresh chemistry into the blind hole
during the plating time is necessary to prevent voids and thin plating. In short, reject rates are higher with this blind
via method.

Exhibit 3-9. Blind Via Process Using Controlled Depth Drilling
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3.2.3 Lamination

During the lamination process the thin-core innerlayers are subjected to heat and pressure and compressed into a
laminated panel. Sheets of material consisting of glass fibers impregnated with epoxy resin, known as pre-preg or
b-stage, are dlipped between the layers and bond the layers together. Pre-preg is available in different styles with
varying amounts of resin and glass fibers, which allows the manufacturer to control the thickness between layers and
to provide the appropriate amount of resin flow between circuitry.
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Lamination steps are fairly consistent among manufacturers, although substitute lamination materials are available.
All of the materials, including the innerlayers and pre-preg, are tooled to the same registration system and are held in
place by tooling pins. Several panels can be pressed together in one set of heavy plates, creating what is known asa
“book.” Next to each copper outer layer is some sort of protective coversheet. Sheets of aluminum or athin plastic
sheet such as Paco-Thane® and a steel separator plate are used for this purpose. Foreign material must be kept from
the copper surface or it will become pressed into the surface of the panel causing pits and dents. Dust and other
contaminants can degrade the bondline between copper and the epoxy so cleanlinessis essential. ,However, not al
manufacturers perform this process in a cleanroom environment.

Copper foil can be purchased that is laminated to an aluminum separator sheet. The sheets are laminated in a clean
room environment, which prevents any particle contamination on the copper surface. After the multilayer
lamination cycle the aluminum is peeled away, revealing the copper sheet underneath. Commercial products of this
nature are readily available (ref. 20).

Kraft paper, other fiber materials, or silicone rubber pads are used when the book is loaded into the pressto evenly
distribute the pressure and temperature (ref. 21). Modern presses have platens that are enclosed in a vacuum chamber
to remove air and volatiles from the panels as the B-stage cures. If any air remains between layers, it will leave an
air pocket or bubble that may lead to delamination of the panel. Another benefit of vacuum lamination is that less
pressure is required, which reduces misregistration from the panels skewing under excessive force. Presscyclesare
usually computer-controlled. The specific cycleis dictated by the substrate employed; for FR-4, temperatures of
350°F (176°C) and pressures of 150 to 350 psi are common. The entire cycle from heating, curing, and cooling can
take 2-3 hours for FR4 type material and as long as 5-6 hours with polyimide.

The heavy plates, sted separator plates, and silicone or rubber press pads are items that can be reused as long as they
are performing satisfactorily. The Paco-Thane® and Kraft paper are discarded after one use. If aluminum sheets are
used, they may be collected and sold for scrap or, depending on thickness, used in the drilling room as entry material.
Coolant water used by the pressis either discharged or reused.

3.2.4 Drilling

Holes are drilled through the PWB to interconnect circuitry on different layers and to allow the insertion of
components (Exhibit 3-10). The etched innerlayer pattern will extend to the barrel of the hole and therefore will be
interconnected with the other layers when the hole barrel is made conductivein alater step. Most drilling is
performed with computer numerical control (CNC) equipment, but as hole sizes less than .012" have become more
common, other methods of making small holes are increasing in popularity. Two aternate methods are punching
and laser processing. Entry and back-up materials vary between manufacturers, since there are several aternatives.
These options are discussed below.

Dull drill bits can be sent for resharpening 2 to 4 times before being discarded. The backup material can be flipped
over and used atotal of 2 times before being discarded. Paper types of entry material are disposed of, while
aluminum entry is collected and sold. The waste copper debris and fiberglass dust that is drilled or punched out of
the material is carried by vacuum away from the machinery and work area and into a holding tank.

By using new and stronger materials, drill bits can drill 200 to 1,000 times more holes as ordinary bits. Punching

holes eliminates the hole cleaning process and the need for entry material. Entry material and drill bits are
unnecessary to laser process holes.
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Exhibit 3-10. Drill Holes Process Step
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3.2.4.1 Conventional CNC Drilling

Mechanical drilling is a mature technology that has reliably produced what have now become relatively large holes.
As hole sizes have gotten smaller, mechanical drilling limitations, such as drill bit diameter and aspect ratios have
emerged (ref. 22). Also, where drilling equipment technology surpassed that of drill bit metallurgical technology 10
years ago, that situation has now reversed. Older and poorly maintained equipment may not be able to drill small
holes. One reason is the inability of the spindle to generate high enough rotational speed. Another isthat drill
runout and Z-axis slop are disproportionately large for these bits (ref. 25). Despite the smaller hole difficulties,
mechanical drilling is how the mgjority of manufacturers create holes. High-end CNC drilling equipment has “lights
out” features which allow automatic loading and unloading, broken bit detection, and tool cartridges that can hold
hundreds of tools for automatic replacement at programmed intervals.

Entry Material. Thetop layer that the drill enters before PWBs are drilled is called “entry material.” The PWBs
aredrilled in stacks that consist of a sheet of entry material, one or more circuit panels, and back-up or exit material.
Entry material isrequired to reduce or eliminate exit burring and to reduce drill wander, which is the tendency of the
drill to briefly skate on the surface before penetrating. A variety of entry materials exist, the most common being
paper-phenolic (10 to 24 mils thick), paper-melamine (10 to 24 mils thick), aluminum (7 to 15 mils thick), and an
aluminum-clad material consisting of a phenolic, melamine, simple paper, cellulose, or other core.  Some entry
material is specifically made for small-hole drilling. One product consists of 1.5 mils of aluminum laminated to a
3.5 mil cellulose core. Thealloy’s softness allows for easy and accurate penetration while the cellul ose softens the
impact of the drill bit (ref. 25). Entry materia is discarded for recycle or disposal after use.

Back-up Material. Thedrill bit terminates its downward stroke with the point penetrating the back-up material
in order to complete the drilling of the bottom panel in the stack. Back-up materials are generally 0.062 or 0.093
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inches thick. Common materials are pressed wood products (pulp or fiber), paper-phenalic-clad with awood product
core, or aluminum-clad with awood product core. Since the drill penetrates only halfway through back-up material,
it isgeneraly flipped over and used a second time before being discarded.

Drill Bits. Drill bit makers are now using materials such as diamond tipped bits and carbide alloys, which are
90% stronger than the older bits, to drill the smaller holes now being called out. Bitsas small as 2 mils have been
produced. Ordinary drill bits become unacceptably dull after 1,000 to 5,000 hits, but diamond tipped bits purportedly
can drill one million holesif properly used. Drills are usually resharpened 2 to 4 times before being discarded. Itis
estimated that 70% of holes drilled are drilled with resharpened bits (ref. 22).

3.2.4.2 Punching

Punch presses have been used for years to make holes by the millions for paper-phenolic PWBs used in consumer
items. It was discovered that punching could be used as a complement to the process of making high-density
multilayer boards. It solvesthe mechanical drilling problem with small holes and is less expensive than laser
processing. Punching is generally restricted to making small via holes on thin substrates (0.005” to 0.020").
Advantages to punching include:

Better hole quality
No hole cleaning process required
No need for entry or backup materials (ref. 23)

3.2.4.3 Laser Processing

A few technologies exist for making holes using lasers. One company manufactures a unit that can drill 4 mil holes
and smaller in copper-clad and glass reinforced materials. Using aNd:Y AG laser, this unit can create up to 1,200
vias per minute (ref. 24). Another company uses a CO, multimode laser that is capable of drilling FR4, BT resins,
and PTFE type materials at up to 1,200 holes per minute (ref. 23). A dual laser type system has also been
developed. A computer controls the aternating ruby laser to drill through copper and CO, laser to clean out the
epoxy (ref. 25).

3.2.5 Hole Cleaning

Hole cleaning generally refersto a process called desmear and/or the closely related process of etchback. Desmear
removes the melted resin smear that results from the friction of the drill bit cutting through the material. If the
smear covers the copper that extends to the barrel of the hole, it would prevent interconnection between it and the
subsequently metallized hole. During etchback, in addition to removing resin smear, glass fibers are etched. The
result is that the copper on the innerlayers protrudes out into the barrel of the hole. Thisalows for what is known
asa“3-point” connection after metallization. Most of the demand for etchback stems from military specifications.
Exhibit 3-11 summarizes methods of hole cleaning and Exhibit 3-12 displays the survey results for this process
step. Detailed respondent data are found in Appendix A.
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Exhibit 3-11. Clean Holes Process Step
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Deburring and scrubbing are processes performed immediately before or after desmear or etchback. During drilling,
copper burrs may be raised on both sides of the panel by the action of the drill entering and exiting the material. The
burrs are sanded smooth on a deburring machine, which consists of a sanding wheel and a conveyor. In wet
deburrers, copper dust is carried off in awaste stream. Dry machines usually are outfitted with vacuum units.
Deburring is more correctly considered a surface preparation step rather than hole cleaning. Scrubbing is performed
as a surface preparation step prior to electroless copper (and during other stages, such as before solder mask).
Scrubbing may be performed similarly to deburring, except a much less aggressive surface abrasion occurs. Pumice
or aluminum oxide scrubbers, which direct a high-pressure spray of abrasive particles at the PWB, are also used for
surface preparation.
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Exhibit 3-12. Distribution of Desmear Methods
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3.2.5.1 Desmear

During drilling, drill bits become heated resulting in the melting and smearing of the epoxy-resin base material
across the inner-layer copper surfaces within the hole barrel to which subsequent through-hole plating must connect.
If not corrected the smear would constitute adielectric layer between the inner-layer copper surfaces and the plated
copper, and the circuit would be defective.

The desmear processis often grouped and sometimes confused with etchback because similar or identical chemistries
can be used to perform both functions. Desmear is simply the removal of smeared epoxy-resin by-products from
copper surfaces within the hole barrel to facilitate a connection with plated copper. Etchback isthe significant
removal of epoxy-resin (including smear) and glass fiber from the hole barrel in an effort to expose a greater copper
surface and enhance the interconnection with the plating. The improvement and reliability of desmear chemistry has
made etchback unnecessary.

Currently the most widely used chemistry is sodium or potassium permanganate when significant etchback is not
required or specified. Permanganate-based systems remove a thin layer of epoxy-resin (typically lessthan 1 mil) and
smear and are quite adequate for desmear-only applications.

The permanganate desmear is athree step process consisting of epoxy sensitizing, permanganate etch, and
neutralizing (Exhibit 3-13). The sensitizer swells the epoxy and facilitates the subsequent removal. The
permanganate solution etches the epoxy by oxidizing the covalent bonds within the polymer network. Thisbathis
generally heated to 160°F or more with dwell times from 5 to 20 minutes. The neutralizing bath removes
permanganate from the oxidized hole and panel surface. If the neutralizing bath is not used, voiding and poor
adhesion can result during the metallizing of the holes.
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Exhibit 3-13. Permanganate Desmear Process
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One problem with the permanganate solution isthat alkalinity at high temperatures causes the permanganate to
decompose to manganate. As manganese dioxide buildsin the bath, it accelerates the reaction of manganate to
manganese dioxide until ablack sudge (MnO,) isformed that settles to the bottom of the tank. The epoxy etch rate
is steadily reduced until the solution becomes unusable (ref. 26). Frequent analysis and additions of permanganate are
necessary to counter this degradation in the etching rate. Electrolytic regeneration units are available to anodically re-
oxidize the manganate ion back to permanganate (MnO,.). These units consist of a porous pot, cathode, anode, and
rectifier.

3.2.5.2 Etchback

During etchback, in addition to smear removal, the glass fibers themselves are etched back from the hole wall. The
goal isto remove about 0.5 mil from the top and bottom of the innerlayer copper so that it will protrude out from
the hole wall. This creates three surfaces (also known as a three-point connection) for the copper to bond to during
the making holes conductive step. Glass etchants include hydrochloric acid, ammonium bifluoride, and hydrofluoric
acid (rarely used). Etchback with plasma can be achieved by varying the type and amount of reactive gases.

3.2.5.3 Plasma Desmear/Etchback

Using plasmato desmear eliminates an entire wet process line, reduces chemical disposal costs, and reduces water
usage and treatment costs. Labor costs are lowered as well since there are no baths to maintain. With plasma
etching the panels are placed in a vacuum chamber, and gasisintroduced and converted to reactive plasma by a power
supply. The plasmareacts at the panel surface and volatile by-products (resin smear) are removed by the vacuum

pump.

The addition of relatively inert gases, such as nitrogen or argon, stabilizes the plasma and controls the rate of
ionization. Reactive oxygen species oxidize organic contaminants on the surface, creating volatile speciesthat are
pumped away. Etch ratesareincreased by providing more reactive speciesin the form of fluorine such asF,, CF, or
CHF,.

3.2.5.4 Desmear/Etchback Alternatives

There are several desmear/etchback process alternatives. The applications and advantages/disadvantages of each are
discussed in this section and summarized in Exhibit 3-14.
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Exhibit 3-14. Desmear/Etchback Methods

Process Applications Advantages Disadvantages

Permanganate = Smear removal Better control. Rapid chemical decomposition.
Frequent bath analysis and
maintenance

Concentrated Smear removal Ease of operation. Lack of control. Operator safety

Sulfuric Acid concerns with concentrated
chemicals. Generally requires
desmear.

Plate Forward  4-layer power/ ground More easily controlled than Limited application.

plane multilayers etchback. Smoother holes.
Plasma Smear removal/ Eliminates chemical lineand waste  High capital cost. Uneven etch
Desmear etchback treatment costs. No bath rate across pand.
mai ntenance.

Concentrated Sulfuric Acid. Concentrated sulfuric acid (usually 93%) is still in use, but generally requiresa
permanganate step for final hole cleaning, making it a significantly longer and more expensive process than
permanganate alone. Handling the concentrated acid and operation of the line has proved to be a problem in many
shops. The amount of epoxy-resin removed is controlled by the dwell time in the sulfuric bath, which must be
precisely monitored. However, sulfuric acid does not etch glass and a second step is required to perform the glass
fiber etch.

Plate Forward. This process has anarrow field of use (4-layer boards with ground/voltage plane innerlayers), but
it represents a large portion of the multilayer market. To ensure the plating connection to the metallized hole surface
isreliable, panels are electroplated prior to electroless plating. In order to accomplish this, the innerlayer planes are
connected to the surface foil of the panel, which in turn is connected to the cathode bar. This plating step will
extend the copper from the hole edge out into the barrel of the hole.

Plating forward is more easily controlled than etchback and leaves the hole barrels relatively smooth, whereas with
etchback, hole interiors are roughened at an inconsistent rate. This process does not eliminate the desmear process
(ref. 27).

Condensed Desmear /M etallization Process. A method exists to combine desmear and two processes from
the plating through holes (PTH) electroless lineinto asingle step. This process, which consists of a single process
tank and associated rinse tanks, will neutralize the permanganate, clean/condition the hole walls, and microetch the
surface. Thereduction in process tanks lowers chemical maintenance costs, labor, and water usage, and ssimplifies
the treatment of wastes. Excellent results have been reported from Asian and European manufacturers employing
this technique (ref. 28).

3.2.6 Making Holes Conductive

To provide for the intended interconnection between layers, the holes must be coated or plated with a conductive
substance. The PWB substrate itself is not conductive, so a non-electrolytic deposition method is required.
Afterwards, electroplating is performed to plate the copper to the specified thickness.

Until recently, electroless copper has been used almost exclusively to metallize the holes. Direct metallization (DM)
processes were introduced in the 1970s, but reports of higher costs and inconsistent quality kept manufacturers from
experimenting with an unproven process (ref. 29). New interest in alternatives to electroless copper wasignited in
1992, when OSHA amended a standard for occupational exposure to formaldehyde, a probable carcinogen. With few
exceptions, electroless copper uses formaldehyde as the reducing agent.

Alternatives to electroless copper now include palladium-based systems, carbon/graphite-based systems, electroless
nickel, conductive polymer, and non-formal dehyde-based electroless copper. Based on the survey results, however, it
is apparent that the electroless copper processis still entrenched as the predominant method of making holes
conductive, although its use appears to be declining. Seventy-seven percent of all respondents reported using
electroless copper for through-hole metallization, with the remainder split evenly among graphite-, palladium-, and
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carbon-based systems. One user reported testing an electroless nickel-based system on asmall percentage of their
product.

Design for the Environment (DfE) Printed Wiring Board Project participants are encouraged by this increase in the
use of alternative MHC technologies, especially because it occurred while awareness of the alternatives was being
increased by the MHC project. Additional increasesin alternative MHC technology use can now be expected because
the CTSA results were presented in seven seminars around the United Statesin 1997, and because the final MHC
CTSA will be published in summer 1998.

The making holes conductive process step alternatives are shown in Exhibit 3-15. The advantages and disadvantages
of the alternatives are discussed in the following section and summarized in Exhibit 3-16. Survey datarelativeto
this process step are found in Appendix A.

Exhibit 3-15. Make Holes Conductive
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Exhibit 3-16. Comparison of Primary Alternatives for Making Holes Conductive

Process Advantages Disadvantages Waste Generated
Electroless 30+ years of reliable use. Inherently unstable. Copper from microetchant
Copper EDTA complicates waste Complexed copper from

treatment. el ectroless bath.
Eight process baths.
Carbon- Short application time. High capital costs. Copper from microetchant.
based No formaldehyde. Five process tanks.

Less water consumption than
electroless copper.

Graphite- Short application time. None |dentified. Copper from microetchant.
based No formaldehyde. Three process tanks. Four
Conveyorized or vertical if anti-tarnish used.
processing.
L ow water consumption and
treatment.
Palladium- No formadehyde. None Identified. Copper from microetchant.
based Ten process tanks including
desmear.
Electroless No formaldehyde. None Identified. Six process tanks including
Nickel No microetchant. desmesar.
Conveyorized or vertical
processing.

3.2.6.1 Electroless Copper

Although electroless copper has been successfully used for more than three decades, limits on operator exposure to
formaldehyde and difficultiesin removing the electroless copper from the waste stream caused manufacturers to seek
alternatives. Among the deficiencies are (ref. 30):

Use of formaldehyde as reducing agent.

The processisinherently unstable, requiring stabilizing additives to avoid copper precipitation.
Environmentally undesirable complexing agents, such as EDTA, are used.

The large number of process and rinse tanks causes high water consumption and energy use.

The electroless copper process consists of four basic operations: cleaning, activation, acceleration, and deposition
(Exhibit 3-17). An anti-tarnish bath is common after deposition. Virtualy all facilities purchase a series of
proprietary chemistries from a single vendor that are used as the ingredients for the several process bathsin the
electroless copper process line. Only the micro-etch, its associated sulfuric dip, and the anti-tarnish baths are likely
to be non-proprietary chemistries.

Cleaning. The cleaning segment begins with a cleaner-conditioner designed to remove organics and condition (in
this case swell) the hole barrels for the subsequent uptake of catalyst, followed by amicroetch step. The cleaner-
conditioners are typically proprietary formulations, and mostly consist of common alkaline solutions.

A microetch step can be found on the electroless line, oxide line, pattern plate line and with chemical cleaning if that
isthe cleaning method used. Three chemistry aternatives are available. Sulfuric acid-hydrogen peroxide (consisting
of 5% sulfuric acid and 1% to 3% peroxide) is most common, followed by sulfuric acid-potassium (or sodium)
persulfate (5% sulfuric, 8 to 16 ounces/ gallon persulfate), and ammonium persulfate. In each case, the microetch
bath is followed by a sulfuric acid dip, which serves to remove any remaining oxidizer. About 40 microinches of
copper are etched for the making holes conductive process. Based on a 3-4 ounce copper carrying capacity,
approximately 0.0183 gallons of microetch are used per square foot of product run. This figure does not include any
solution that may be dragged out when the panels are moved to the next tank. The sulfuric-peroxide aternative has
some attractive waste treatment and performance features (ref. 31):

No spent etchant disposal. The etchant isreplenished asit is used, and copper is removed with arecovery unit
in the form of copper sulfate crystals. These crystals form when the solution is cooled to room temperature or



lower. Smaller shops may use a batch treatment where the solution is pumped to another tank to cool and
crystallize. After removing the copper crystals, the solution can be transferred back to the process line and
reused.

Constant etching rate. The etching rate is dependent on temperature and hydrogen peroxide concentration, not
the copper concentration.

Simple waste treatment. No chelators are present in sulfuric-peroxide microetchants.

A high copper capacity of 3 to 4 ounces/gallon.

Efficient copper recovery. Copper sulfate recovery is usualy 90-95% efficient.

Persulfate microetchants must be treated in-house or shipped to alicensed disposal facility. The etching rateis
difficult to control since it declines as panels are processed and copper builds in the solution. Ammonium persulfate
is uncommon due to high waste treatment costs.

Activation and Acceleration. Activation, through use of a catalyst, consists of two process tanks. A pre-dip,
for the drag-in protection of the expensive activation (also called catalyst) bath, usually contains hydrochloric acid
and possibly tin or sodium chloride. The activation bath itself consists of hydrochloric acid, tin chloride, and
palladium chloride. The Snt2 ion reduces the Pd+2 to Pd, which is deposited on the panel. The remaining Sn*2
and Sn*4 are selectively removed from the hole barrels by the accel erator (also called the post-activator). Fluoboric
acid isacommon accelerator, asis sulfuric acid with hydrazine.

Copper Deposition. Electroless copper baths can be divided into two types: heavy deposition baths (designed to
produce 75 to 125 micro-inches of copper) and light deposition baths (20 to 40 micro-inches). Light deposition
must be followed immediately by electrolytic copper plating. The more common heavy deposition can survive the
outer layer imaging process, and copper electroplating occurs thereafter. The main constituents of the electroless
copper chemistry are sodium hydroxide, formaldehyde, EDTA (or other chelator), and a copper salt. In the complex
reaction, catalyzed by palladium, formaldehyde reduces the copper ion to metallic copper. Formaldehyde (whichis
oxidized), sodium hydroxide (which is broken down), and copper (which is deposited) must be replenished frequently.

Exhibit 3-17. Typical Electroless Copper Plating Line
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Most heavy deposition baths have automatic replenishment schemes based on in-tank colorimeters. Light deposition
formulations may be controlled by analysis. Formaldehyde is present in light deposition baths in a concentration of
3to 5 gramgl/liter and as high as 10 gramg/liter in heavy deposition baths.

When light deposition is applied, the next process step must be electrolytic copper plate. Thisiseither afull panel
plate (the typical 1 mil is plated in the holes and on the surface) or a“flash” panel plate, designed only to add enough
copper to the hole barrels to survive the imaging process. Flash-plated panels return to copper electroplating after
imaging to be plated up to the required thickness. This double plating step has made heavy deposition the more
common el ectroless copper process.

Process Waste Streams. The electroless copper line typically contributes a significant percentage of a PWB
shop’'s overall waste volume. Water useis high due to the critical rinsing required between nearly all of the process
steps. Copper isintroduced into the wastewater stream due to drag-out from the cleaner-conditioner, micro-etch,
sulfuric, accelerator, and deposition baths. Much of this copper is complexed with EDTA and requires special waste
treatment considerations. Furthermore, waste process fluid generation is high. Micro-etch baths are exhausted when
2 to 4 ounces/gallon of copper is dissolved, and this bath life is usually measured in days. While the electroless
copper bath isrelatively long-lived (usually several weeks or months), a considerable bailout stream (including
formaldehyde) is generated (several gallons of concentrated bath chemistry per day in production shops). Thiswaste
must either be treated in-house or shipped off-site, which adds another cost to using electroless copper.

3.2.6.2 Carbon-based Alternative
Black Hol€e® is a carbon-black dispersion method for metallizing holes. The advantages of this type of process
versus conventional electroless plating are:

Production rates are higher for Black Hole® since it is applied in about half the time required for electroless
copper

Formaldehyde is not a constituent of any of the process formulations

Copper is dragged into the wastewater stream from only the microetch bath

Overall water useis reduced

Although it has become more common in larger shops, this processis still an uncommon choice for small shops
with sales of less than $5,000,000/year, which account for the majority of PWB facilitiesin the country. Capital
costs for the Black Hole€® conveyorized process line are much higher than for an electroless copper tank line, and
represent a barrier of entry for small shops. Payback from production timesaving and waste reduction is likely to be
quite long for small manufacturers.

After being cleaned and conditioned, non-conductive surfaces absorb the carbon deposits. The carbon deposition step
is performed twice to ensure a good conductive surface. A microetching step follows to remove any carbon deposited
on copper surfaces. At this point the panels can proceed to imaging or be copper plated. Without copper plating,
the panels cannot be brush or pumiced scrubbed prior to exposing because carbon particles near the surface of the
panel may be brushed off (ref. 30).

3.2.6.3 Graphite-based Alternative

The available graphite-based processes are Shadow® and Shipley Graphite 2000. In these cases, graphite particles
suspended in a colloid are dispersed onto the surface and act as conductive pathway for electroplating. The four
specific process steps for the Shadow® process are (ref. 32):

Cleaning/conditioning

Graphite (Shadow®) application
Microetch

Anti-tarnish (optional)

Graphite application can be done on conveyorized equipment or with animmersion (vertical) process. One pass
through the graphite application step is sufficient to prepare holes for copper deposition. The vendor claimsto be
able to run this process from cleaning to lamination in less than 10 minutes (ref. 33). Graphite particles adhere well
to the laminate surfaces and can tolerate mechanical scrubbing. The micro-etch solution is usually based on
persulfate. Some facilities do not use anti-tarnish coatings on the copper surface if the dry film lamination process
isdone in-line, immediately following graphite application. Shadow® usersinclude, buried and micro-via
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manufacturers with large layer counts up to 48 layers. Shadow® users process from 5,000 to 1,500,000 surface
square feet per month.

Cleaning and Conditioning. Panelscan be cleaned using conventional methods or in the conveyor line.
Cleaning solutions used are similar to systems employed for electroless copper. As noted above, the cleaner-
conditioner step is designed to remove organics and condition hole barrels for the subsegquent uptake of graphite.

Graphite. The graphiteisapplied in the form of colloidal graphite. The particles are suspended in adightly
caustic colloidal solution (pH =9). In the conveyorized process, surface activation is rapid, and solution that runs
off the boards can be reused. In an immersion (vertical) setup, conventional process tanks are used to apply graphite.
In this case, some efficiency islost, but existing equipment can be used. Following the graphite application, the
panels must be dried to dry the graphite on dielectric surfaces. Thisstep is critical for obtaining good copper
adhesion during subsequent copper plating. Drying is done with air knives, followed by a short bake (140 to 160°F).
Theair knives used are run at close to room temperature; their principal function isto remove excess colloid from
the surface and hole walls. No rinseisrequired after this drying step.

Microetch. Microetch follows graphite application. (See the Cleaning section under 3.2.6.2 Electroless Copper
for amore detailed explanation of microetchants and available chemistries.)) The drying step doesagood job at
removing colloid material from the field area of the panel. However, simply drying the solution does not remove
graphite particles from exposed copper. The vendor recommends spraying a persulfate solution onto the panel
surface. A filter below the panels prevents graphite from entering waste streams.

Anti-tarnish. Following microetch, the exposed copper is subject to oxidation. Because of this, an optional
“anti-tarnish” step can be done. The system vendor recommends using a benzothiadzol e-containing solution to
protect copper surfaces. Some PWB manufacturers skip this step, in which case it is recommended that image
transfer films be laminated onto the panels directly following micro-etch. Eliminating the anti-tarnish step should
reduce chemical use, cost, waste, and cycletime. Effectson reliability were not reported but some commercial
vendors use this approach (ref. 34).

Process Waste Streams. The quantity of wastewater produced by atypical horizontal conveyorized graphite
application system is less than 5 gallons/minute. Also, wastewater is only produced when the system is running,
rather than constantly, asin the rinse tanks used for electroless copper plating. In short, the graphite system seems
to reduce both waste streams and costs from PWB manufacturing. There are five principa environmental benefits
from using the graphite process instead of electroless copper. These include:

Reduction in chelated copper and metal waste
Elimination of formaldehyde

Reduced water use

Reduced treatment chemical use

Reduced dudge disposal

3.2.6.4 Palladium-based Alternatives

Palladium-based alternatives offer the common advantages of the absence of formal dehyde, reduction in water usage,
and the reduction in wastewater generated from the process. These alternatives can aso be run with conveyorized
equipment to increase throughput and lower costs. The panels typically are run through a desmear process prior to
starting the palladium line.

The activator in these systems is palladium/tin. The accelerator removes stannous tin (Sn*?) or reducesit to a
metallic form (Sn). To improve conductivity and speed up the metallization of the hole, some systems have
modified the accel eration step so that copper is deposited with the palladium, taking the place of thetin (ref. 30). A
manufacturer has invented a modified palladium process called Crimson®, which has a conversion step after the
activator. The palladium is changed to palladium sulfide, which is claimed to be more conductive for subsequent
electrolytic copper plating (ref. 35).

Cleaner/Conditioner. During this“sensitizing” step, the holes are cleaned and a charged polymeric material is

applied to the inside dielectric surface of holes. This charged material then receives a catalyst during subsequent
processing. Chemical use and wastewater produced in the cleaning step of the palladium-based processis similar to
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volumes used for the carbon- and graphite-based processes. However, each step must be followed by arigorous rinse
to prevent contamination of the following steps.

Microetch. Microetch, which is performed using hydrogen peroxide (H,0,) and sulfuric acid (H,SO,), removes
excess palladium sulfide from exposed copper surfaces without oxidizing the copper. This step enhances adhesion
between exposed copper and electroplated copper added |ater, without degrading adhesion between laminate materials
and plated copper. (Seethe Cleaning section under 3.2.6.2 Electroless Copper for amore detailed explanation of
microetchants and available chemistries.)

Pre-dip. A base salt version of the catalyst (which does not contain catalyst metal) is applied to the panels.

Activator. After pre-dip, the catalyst (activator) is applied. In this case, the catalyst is palladium/tin in a colloidal
solution. The catalyst adheres well to glass/epoxy laminates.

Accelerator. After the activator step, panels are rinsed with a caustic soda (accelerator or enhancer). The
accelerator removes stannoustin (Sn*?) or reducesit to ametallic form (Sn).

Acid Dip. Thepanelsreceive an acid dip and afinal rinse, and are dried for lamination.

Process Waste Streams. There are two principal process waste stream considerations: first, formaldehydeis
completely eliminated from the process of making holes conductive; and second, the amount of water used (and
wastewater produced) is reduced when compared to conventional electroless plating. According to the manufacturer of
one palladium-based process, the cost of this process is competitive with electroless copper plating.

3.2.6.5 Electroless Nickel

Ultra-Plate® 300 is acommercial metallization process that plates an electroless nickel deposit. This process does
not use microetch, accelerator, or formaldehyde. Panels can be processed vertically or horizontally on conveyorized
systems. Thisflexibility reduces cost barriers for converting since existing PTH equipment can be used. Fewer
process tanks al so reduce chemical usage, wastewater generation, and process time. With the Ultra-Plate® 300
process, the panels are sent to exposing after the palladium activator, and then are returned for selective electroless
nickel. Subsequently, an electrolytic copper bath is used to plate through the holes and pattern plate the circuit.

Neutralizer/Conditioner. Thismildly acidic solution prepares the hole wall surface for subsequent steps and
acts as aneutralizer for the prior alkaline permanganate process tank.

Sensitizer/Activator. A 2-step processin which apalladium activator is deposited onto sensitized substrate
areas. The sensitizer promotes the absorption of the catalyst onto the hole wall surface.

At this point, the panels are laminated with resist, exposed, and devel oped. The panel surface can be scrubbed or
prepared as normal without detrimental effect.

Acid Cleaner. An acid copper cleaner is used to remove any residuals from the resist developing step.

Electroless Nickel. Electrolessdeposition is more rapidly initiated on palladium activated dielectric surfaces
than on copper. A very conductive, high purity, thin layer of nickel is deposited on the hole walls that provides a
low resistance path for subsequent electrolytic copper plating.

The electroless nickel process incorporates some steps from both the making holes conductive and outer layer image
transfer use clusters. Since the circuit image is already pattern plated at the end of electroless nickel sequence, the
process picks up at pattern plate etch resist in section 3.2.7.2.

Process Waste Streams. There are anumber of items that impact the process waste stream when using
electroless nickel. Among them are:

Elimination of strong chelates

Elimination of formaldehyde and cyanides

Elimination of copper microetch

Elimination of accelerator

Reduced water use
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Reduced treatment costs

3.2.6.6 Conductive Polymer

Conductive polymers have been commercially available for years, but only one (polypyrrole) has been adopted as an
alternative in making holes conductive. Polypyrrole, which was initialy used in Europe, is very suitable for
horizontal, conveyorized application. The conductive polymer builds on the standard permanganate desmear
chemistry. Asepoxy smear isremoved from the holes, insoluble manganese dioxide isformed. The board is treated
with a solution of pyrrole monomer, which is oxidized by the manganese dioxide to form the conductive polymer
polypyrrole. The manganese dioxide isreduced to soluble manganese salts and is washed off. The full processline
includes a microetch, cleaner/conditioner, catalyst, conductive polymer, and microetch, followed by a copper
electroplate (ref. 35).

3.2.6.7 Non-Formaldehyde-Based Electroless Copper

At least two formal dehyde-free electroless copper systems exist. The first uses the standard el ectroless line with
hypophosphite as the reducing agent in place of formaldehyde. The copper deposition is run in two modes:
electrolessly as normal, then, while in the same tank, current is turned on to continue the copper deposition.
Afterwards, the panels pass to an acid copper electroplating tank to compl ete the process.

The second system uses the standard electroless process through catalyst application. The panels are then laminated,
imaged and developed. Theimaged pand isthen placed in the electroless copper bath that deposits copper on the
catalyzed surface and in the holes. The bath contains biodegradable complexing agents, and a boron compound acts
asthe reducing agent (ref. 35).

3.2.7 Outer Layer Image Transfer

Thislarge cluster includes outer layer imaging, copper plating, etch-resist plating or application, etching, and etch-
resist stripping (Exhibit 3-18). The cluster includes copper electroplating, a function not normally associated with
image-transfer. Although arguably an independent function, copper electroplating is performed in a sequence
determined by the overall image transfer strategy. Furthermore, with copper sulfate being the overwhelming choice
of PWB shops, a cluster of alternatives does not actually exist (pyrophosphate baths, the other chemistry, have
vanished). With the exception of process material improvements such as dry film photoresist, plating chemistries
(copper sulfate vs. pyrophosphate, in particular), or the substitution of tin-only etch-resist for tin-lead, this cluster
has remained essentially unchanged for many years. It also forms the core of double- and single-sided processing;
thus many of the processes described here predate multilayer manufacturing.

Two major subtractive options, starting with copper clad laminate, are available to the PWB manufacturer. The
majority of manufacturersin the U.S., Southeast Asia, and Europe use the print, pattern plate, and etch sequence.
While copper pattern plating is a uniform process shop-to-shop, the etch-resist metal plated over the copper is not,
and forms an interesting and important second-level cluster. Etching istheoretically acluster of two chemistry
options, but with most metallic etch-resists, only ammoniacal is possible. 1n Japan, the majority of manufacturers
use the second method of panel plate, print, and etch. Copper is plated to full thickness over the entire panel prior to
imaging. The photoresist imaged during the “print” process serves as the etch-resist precisely asin inner layer image
transfer.

49



Exhibit 3-18. Outer Layer I mage Transfer

Drill Hole
Pattern
on Board

Circuit
Design/Data
Acquisition

Inner-Layer
Image

Transfer (e

Make
Holes
Conductive

Print, Pattern Panel Plate
Plate, Etch Print, Etch

Fina
Fabrication

It can be seen that the panel plate, print, and etch process (also referred to as “tent-and-etch” because the drilled holes
are tented over and protected from the etchant by dry-film photoresist) eliminates process steps required in the more
common pattern-plate process. Thereisno etch-resist plating (the photoresist serves as the etch-resist) or metal
stripping; therefore, the tin or tin-lead problem is obviated. Furthermore, cupric chloride etching is an option when
dry-film photoresist is the etch-resist. Unfortunately, it isthe inefficiency of panel plating, along with certain
technical limitations of this process, that prevent its widespread use. Most of the copper on atypical circuit panel is
etched away; thus, most of the plated-on copper of this process is promptly removed during etching, unlike the
copper added during pattern plating. Furthermore, the panel-plated copper can cause difficulty in etching, particularly
fine-line etching. The thicker the copper to be etched, the greater the undercut. This problem has dampened the
enthusiasm for tent-and-etch. On the other hand, layout design changes can easily rehabilitate tent-and-etch. One
method referred to as “pads-only outer layers’ eliminates difficulty of fine-line etching on outer layers (along with
eliminating the need for solder mask) at the expense of requiring two extralayers of inner layer circuitry.

It should be pointed out that some of the etch resist options listed here are not true options, but rather alternative
methods that may be required by customer specification or for end-product performance. Although tin and tin-lead
perform identically as etch-resists, if reflow is the specified finish type, tin-lead plating must be used. Manufacturers
need to decide if the small percentage of jobs requiring areflow finish justify keeping atin-lead plating tank, along
with the worker exposure to lead and waste treatment difficulties that come with it.

3.2.7.1 Image, Pattern Plate, and Etch

Outer layer imaging is quite similar to inner layer imaging (see 3.2.2.2 Conventional Print-and-Etch for more
detail). The panel isthicker and has drilled holes, but it is essentially processed through the same sequence of
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operations. Some shops, especially smaller ones, may use the identical photoresist product for both inner and outer
layers for convenience. Photoresist thickness, not critical for an etch-resist, takes on significance as a plating resist.
Most facilities use athinner resist for inner layers (0.001 inches) and are forced to use thicker resist for outer layers
(typically 0.0015 or 0.002 inches). Generally, the resist thickness should equal or exceed the thickness of the metals
to be plated onto the pattern to avoid copper or tin-lead “mushrooming” over the top of theresist. Resists other than
dry film are extremely uncommon for outer layer imaging.

Exposing may be done with first-generation photopl otted phototools or with diazo, a reddish transparent film that
allows for manual registration. With a diazo phototool, an operator can see through the dark areas of the film (the
circuit pattern) and can align the phototool to the hole pattern, eliminating the need for tooling regimes. Although
not practical for production shops, manual registration with diazo phototools is not uncommon in prototype shops.
When pattern plating is to follow, outer layer phototools are positive images of the circuit. The circuit imageis
developed away exposing the underlying copper. The photoresist remaining on the panel isthe plating resist for the
pattern plate process.

Pattern plating is so named because only the circuit pattern and hole barrels are plated (Exhibit 3-19). Only the thin
electroless copper layer has been deposited in the hole barrels up to this point in the process and it is far short of the
typical 0.001-inch specification for copper thickness. None of the copper plated during this processis etched away,
but rather, remains on the circuit and is part of the finished product. The copper is protected from the etchant by a
metallic etch resist that is plated on during the next process step. The ordinary outer layer will have about 33% of
the panel plated to athickness of 1.5 mils of copper. This 1.5 mil target is to ensure a minimum thickness of 1 mil
inthe holes. The result is 0.6866 ounces of copper being plated per square foot of product run for atypical panel.
This result does not account for the copper contained in the solution that is dragged with the panel.

Although afew copper electroplating chemistries exist, nearly all PWB facilities use basically the same copper
sulfate bath composition. The bath is typically made with 10 ounces/gallon of copper sulfate, 25 to 40
ounces/gallon of sulfuric acid, and a small amount of hydrochloric acid to provide a chloride concentration of 30 to
90 mg/l. This bath has an extremely long life (measured in years) and is generally easy to maintain and control.
Proprietary organic additives, usually referred to as brighteners, distinguish one vendor’ s bath from another. The pre-
plate line consists of an acid cleaner (dilute phosphoric acid is acommon constituent), a microetch, and a sulfuric
pre-dip.

High-performance copper plating is reliably performed at a current density range of 20 to 35 amperes/ft®.
Manufacturers generally plate from 0.0013 to 0.0017 inches of copper to ensure that all hole barrels meet the
minimum of 0.001 inchesin all areas of the panel. Dwell times depend on current density and target thickness, but
generally range from 30 minutes to somewhat more than one hour. Although a source of copper in the wastewater
stream, the copper sulfate plating process lends itself to recovery schemes. A drag-out tank, immediately following
the plating bath, can be electrowinned (an electrolytic recovery process), which recovers copper in metallic form and
reduces drag-out to the subsequent flowing rinses. Some facilities have employed ion exchange to create a closed-
loop. Inthisarrangement, wastewater is processed and reused as rinse water and the cation regenerant can be returned
to the copper sulfate bath.

Exhibit 3-19. Typical Pattern Plate, Etch-Resist, Photoresist Strip Process Line

Acid Drag-Out . . : . '
P oo F?ignse > Rine - Rinse -P Microetch —J» Rinse - Rinse —|

Sulfuric - Copper Drag-Out ; :
_>AcidDip = Rins _>FJectroplae . Rinse 4 Rine P Rine l

Sulfuric Tin . . Resist Drag-Out ) .
— Acid Dip ->E|ectroplate B Rinse B Rne P Strip Rine P Rinse

51



Pattern Plate Etch Resist. Immediately after copper pattern plating, an etch resist is plated over the copper.
The three most common etch resists are tin, tin-lead, and nickel-gold; however, other metals may be used depending
on the customer’ s specifications. Tin istypically used on boards requiring solder mask over bare copper (SMOBC)
finish since it serves no other purpose than acting as an etch resist. It isremoved from the panel surfacein a
stripping step after etch. While the regulatory status of tin varies from locality to locality, it is safe to say that tin
receives less scrutiny than lead. Some manufacturers have been able to eliminate tin-lead plating altogether since the
majority of work is SMOBC. Manufacturers that serve military clients must maintain their tin-lead baths since
some military specifications continue to call for tin-lead reflow finish.

Tin-lead is plated to a thickness of 0.0002 to 0.0005 inches. Assuming a thickness of 0.00035 inches and plating
33% of the panel, approximately 0.3028-ounce of tin-lead are plated per square foot of atypical pandl. Tin-lead can
be plated with one of the following baths:

Tin-lead fluoborate. Thiscommon bath consists of fluoboric acid, tin and lead fluoborate, and proprietary
organic additives. Stannoustin (Sn*?) is maintained at 2 to 4 ounces/gallon and lead at 1 to 2 ounces/gallon.

Methane sulfonic acid (M SA). MSA-based chemistry is not in wide use in the PWB industry due, in part, to
the cost of MSA. The MSA-based bath is, however, generally considered to be more compatible with the
environment and is less corrosive. Another advantage MSA has over the tin-lead fluoborate bath is that some local
government regul ations impose restrictions on the release of fluoborates to municipal wastewater treatment plants
(ref. 35).

Tinis plated for etch resist purposes only, and a 0.0002-inch thickness is adequate. 0.2308 ounces of tin per square
foot will be plated on atypical panel where 33% of the panel is exposed for plating. There are three possibilities for
tin baths. A tin fluoborate bath exists, and some facilities have phased out tin-lead by simply replacing the tin-lead
anodes in the fluoborate bath with tin anodes and allowing the lead concentration to gradually fall. Second, thetin
sulfate bath consists of 20% sulfuric acid and enough stannous sulfate to provide 2 to 3 ounces/gallon of stannous
tin. Lastisan organic sulfonic acid (OSA) -based (usually MSA) tin bath. Most of the advantages of OSA-based
chemistry are shared with the simple tin sulfate bath, and OSA chemistry has not found wide use in the PWB
industry.

Nickel-gold is also pattern plated electrolytically as an etch-resist and surface finish. The nickel-gold plating line
consists of anickel pre-dip, the nickel plating bath, gold pre-dip, and the gold plating bath. The nickel plating
chemistry of choiceis nickel sulfamate or nickel sulfate. Nickel isrelatively concentrated in either bath (e.g., 17
ounces/gallon in typical nickel sulfate formulations). Unlike many other process baths, many facilities use decades-
old nickel plating formulations and do not purchase proprietary chemicals. Nickel is plated to any specified
thickness, usually in the range of 50 to 500 micro-inches. Gold isthen immediately plated over the nickel. Acid
gold cyanide formulations are most common and are similar, but not identical, to the hard gold baths designed for
edge connector plating. Sulfite-based alkaline baths are also in use. Gold is generally plated to athickness under
100 micro-inches, and for many applications 10 to 30 micro-inches will suffice. The areato be plated on atypical
gold panel islessthan tin and tin-lead plated boards. The border areas are taped off in an effort to preserve gold and
prevent it from being plated on areas where it is not necessary. On atypical square foot, 0.023 ounces of nickel and
0.05 ounces of gold will be plated. Both the nickel and gold plating baths are quite long-lived; barring unusual
events, each may be maintained for several years.

Electrolytic soft gold is the surface finish of choice for certain performance considerations, including high corrosion
resistance, low contact resistance (although wear resistance is poor), and long shelf-life. Electrolytic pure gold may
be called for on circuits requiring wire bonding.

Metals such as rhodium or gold may be plated selectively over certain areas of acircuit, then masked off, and a
conventional etch-resist is plated over the remainder. Rhodium isthe metal of choice for maximum wear resistance.

The survey resultsindicate that 52% of respondents use tin-lead plate for at least a portion of their production
(Exhibit 3-20), but tin-lead was used on only 23% of the aggregate production of the entire group of respondents.
Tin-only plating was performed by 49% of the respondents and represented 43% of the aggregate production. Itis
clear from these data that many facilities are maintaining both tin-only and tin-lead plating operations, but are
moving an increasing portion of their production to tin-only (Exhibit 3-21).

52



Exhibit 3-20. Outer Layer Etch Resist
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Exhibit 3-21. Percentage of Total Production with Various Types of Etchant Resistance
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Photoresist Stripping. Dry film strippers break down the bond between the resist and the panel and causeit to
detach. The chemical isusually akaline and may be mixed with a solvent, such as ethylene glycol butyl ether or
diethylene glycol butyl ether, which is needed to strip semi-agueous resist. The solution is heated from 45 to 60°C
(ref. 36). Stripping is accelerated at higher temperatures, but it also accel erates the attack on the tin or tin-lead
coating, which is soluble at high pH. The stripping rate decreases as panels are processed and resist particles build
up in the solution. Some facilities use afilter to remove the particles from the solution before they have a chance to
dissolve, in an attempt to extend the life of the bath.

An EPA Resource Conservation and Recovery Act (RCRA) determination on photoresist solids has been issued that
states they are to be considered a hazardous waste (see discussion in section 2.2.2). If the stripping processisin-line
with an electroplating operation (not physically separated from the plating operation and the panels are not rinsed and
dried prior to stripping), then the spent stripper solution itself becomes an electroplating wastewater. Thus, the
resist skinswould be considered an FO06 waste. The belief is that the physical separation of the operations, along
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with the rinsing and drying of the panels, will serve to prevent hazardous contaminants from the electroplating tank
or etcher from entering the stripping solution.

Resist skins from a tent-and-etch type process, which does not use a plated etch resist, would not be considered a
hazardous solid waste as long as the boards are rinsed prior to being stripped (most etchers are equipped with rinse
chambers). However, if tent-and-etch panels were stripped in the same tank as el ectroplated panels and those skins
had already been determined to be hazardous waste, then the resist skins would be FO06 waste.

Outer Layer Etching. Etchingisdescribed in greater detail in section 3.2.2.2, Conventional Print-and-Etch.
Notable in outer layer etching is that cupric chloride etchant is not typically used for outer layers, dueto its
incompatibility with metallic resists.

Tin and Tin-lead Stripping. For solder mask over bare copper boards, the tin or tin-lead is only used as an
etch resist and is stripped from the panel after etching. Tin-lead isleft on boards and this step is skipped if the finish
typeistin-lead reflow. Nitric acid, ammonium bifluoride, and peroxide-based systems are available as stripping
solutions. If lead is present on the surface, the spent process fluid is a major source of waste lead. Tin-lead stripper
is consumed at 0.0168 gallons per square foot of atypical panel. Thisfigure does not account for the volume lost
through drag out. When the saturation point of the stripper has been reached, this solution is usually is sent off-site
for treatment/disposal.

3.2.7.2 Panel Plate, Print, and Etch (“Tent-and-Etch”)

With the exception of the additional panel plating, this process follows the steps of innerlayer print and etch. Panel
plating is less efficient than pattern plating since the entire panel is being plated rather than just the circuit. Most of
what is panel plated is subsequently etched off. Either cupric chloride or anmoniacal etching systems can be used.
Fewer steps and less process time are the advantages to using tent-and-etch.

The mgjor disadvantage to tent-and-etch is the difficulty in etching through both the plated-on and base laminate.
Circuit features are becoming smaller, and most facilities are required to produce line widths of less than 10 mils.
To etch through 2 to 3 mils of copper, which iswhat the copper thickness can be after panel plating, the etching
undercut will amount to a significant portion of the trace width. Another drawback is that panel plating can only be
done where the surface finish will be bare copper or SMOBC. A surface finish of tin-lead, gold, or selective plating
of aparticular metal requires the use of pattern plating.

3.2.8 Surface Finish

For most parts, the functions of the surface finish are to prevent copper oxidation, facilitate solderability, and prevent
defects during the assembly process. A number of metallic alternatives exist along with organic solderability
preservatives (also known as OSPs or pre-fluxes). A variety of deposition techniques exist, including hot air
leveling, electroplating, immersion, and electroless plating. The shelf life of immersion, electroless plated, and OSP
coating alternatives are less than that of leveled or tin-lead reflowed boards (ref. 35). Other surface finishes are
dictated by the environment in which the part will reside or by specific performance criteria.



Exhibit 3-22. Surface Finish Processes
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Solder-mask-over-bare-copper (SMOBC) with hot-air-solder-leveling (HASL) has been the preferred surface finish for
over 15 years (ref. 38). Nickel-gold, another popular finish, can be applied electrolytically as an etch resist,
replacing tin and tin-lead, or electrolessly as a substitute for HASL. Other electrolytic plating metalsinclude
rhodium, palladium, palladium-nickel alloys, and ruthenium. Non-electrolytic deposition processes include tin
immersion, tin-lead displacement plating, electroless nickel, electroless gold, immersion gold, immersion silver,
immersion bismuth, and the previously mentioned OSPs.

3.2.8.1 Solder Mask Over Bare Copper (SMOBC), Hot Air Solder Level
(HASL)
This method predominates for several reasons. Copper is a surface that lends itself to rigorous cleaning, which is
essential for solder mask adhesion. I the solder mask were placed over tin-lead traces, the tin-lead would liquefy
during soldering and may cause the mask to blister and peel. The hot air solder leveling process generally produces
less wastewater and introduces lesslead into the wastewater stream than tin-lead plating and reflow. The overall
process begins with a solder-mask pre-clean, usually a mechanical or pumice scrub. Solder mask is then applied,
followed by hot air solder leveling, nomenclature screening, and finally, gold edge plating if necessary.

Increasing circuit density, however, is causing some to look for alternatives to this difficult to control process.
Maintaining planarity of fine-pitch surface mount pads across both sides of the panel isachallenge. Another is
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solder bridging on fine pitch pads. This tends to happen when pads are lined up in the same direction of travel asthe
panel asitis pulled from the solder pot. Increasing the pressure of the air knives may blow off the solder bridges,
but it a so reduces the thickness of the solder coat on all of the other features.

Solder Mask. The purpose of solder mask is to physically and electrically insulate those portions of the circuit to
which no solder or soldering isrequired. Increasing density and surface mount technology have increased the need for
solder mask to the point that, with the exception of “pads only” designs, nearly all partsrequireit. Manufacturers
have had some autonomy in selecting masks. Many specifications do not call out a specific product or product type,
and this has allowed the manufacturer to choose masks based on processing as well as performance issues.

Three basic types of masks are commonly applied: thermally cured screen-printed masks, dry film, and liquid
photoimageable (LPI). Therma masks have predominated for decades but are gradually being replaced by LPI,
despite being the lowest cost alternative. Dry film has some specific advantages, such as ease of application, but its
use seems poised to decline as well in the face of improving LPI formulations.

Hot Air Solder Level (HASL). The HASL process consists of a pre-clean, fluxing, hot air leveling, and a
post-clean. Pre-cleaning is usually done with amicro-etch. However, the usual persulfate or peroxide micro-etch is
not common in the process. Dilute ferric chloride or a hydrochloric-based chemistry is favored for compatibility
with the fluxes that are applied in the next step.

Fluxes perform the following functions:
Provide oxidation protection to the precleaned surface
Affect heat transfer during solder immersion
Provide oxidation protection during HASL

Higher viscosity fluxes provide better oxidation protection and more uniform solder leveling, but reduce overall heat
transfer and require alonger dwell time or higher temperature. A balance in flux use must be struck between better
protection with high viscosity fluxes and superior heat transfer with lower viscosity fluxes (ref. 38).

Hot air level machines consist of a transport mechanism that carries the panel into areservoir of molten solder
(460°F, 237°C), then rapidly past jets of hot air. All areas of exposed copper are coated with solder and masked areas
remain solder-free. Boards are then cleaned in hot water, the only step in the SMOBC process where lead may enter
the wastewater stream, albeit in very small quantities. Once cleaned, the panels may again enter the screening area
for optional nomenclature screening, or proceed directly to the routing process.

Copper, flu, and other impurities build in concentration in the solder pot as panels are processed through the hot air
leveler. Theseimpurities can be removed to some degree by performing a procedure known as drossing. From the
hot operating temperature, the temperature is reduced to 385°F (196°C) and the machine sitsidle for 8 to 12 hours.
Theimpurities will float to the surface of the solder where they are scooped out and placed in a dross bucket. This
material can be returned to the vendor for reclamation of the metals. Some manufacturers go for years without
changing the solder; they dross and make additions. When the time comes to change over the solder, vendors will
issue credit on the purchase of new solder as long as the old solder is returned to them for processing.

The acid pre-clean will have some copper in solution and can be treated conventionally. The waste flux is collected
and is sent off-site for treatment.

3.2.8.2 Reflowed Tin-lead

The reflow process uses the tin-lead plated as an etch resist to create the final surface finish. It is quite common in
lower technology single-sided boards. Some military specifications require reflow and specifically exclude the use of
SMOBC/HASL. The desireto remove lead from the plating process and tin-lead performance issues has lead to a
declinein use. The performance concernsinclude difficulty in cleaning, a poor surface for solder mask, and the fact
that it will liquefy during wave soldering, which may cause the mask to lift, among other downstream defects. Any
spent flux generated during the reflow processis collected to be shipped off-site for treatment.

Four methods exist for tin-lead fusing (ref. 35):
Infrared reflow uses IR raysto melt thetin-lead. This method iswidely used since it can be conveyorized and
gives consistent results. In-line are fluxing rollers, a pre-heat area, and the area of the oven where the actual
melting of the tin-lead occurs, which isfollowed by cleaning and drying.
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Hot ail reflow has been around for years. The pandl is fluxed and submerged in a pot of hot oil long enough to
melt thetin-lead. It isnot currently preferred due to its lower productivity vs. IR reflow, and because of the fire
and safety hazards.

Vapor phase reflow uses the principle of condensation heating. The panel isimmersed in a saturated vapor,
which condenses on the board, causing heating and subsequent tin-lead melting. The heat transfer liquids are
very costly.

The hot air leveling machine can be used to melt thetin-lead aswell. It is dipped in the molten solder, the same
as a SMOBC-type board, and air knives blow off the excess solder.

3.2.8.3 Nickel/Gold

Nickel-gold finishes may cover an entire circuit or be selectively plated onto certain areas of acircuit. Nickel-gold
formulations can produce hard gold, with the addition of cobalt or another metal being co-deposited in small
amounts, or they can produce soft gold, by utilizing pure gold.

Hard Gold. Hard goldise€lectrolyticaly plated. The most common application of hard gold is edge connectors,
but hard gold may also be plated over circuit areas aswell. Automated edge plating machines are common since
manual plating is quite labor-intensive. Typically, a plater’ stapeis applied to the board masking off all of the
circuit above the edge connector. The panel is then processed through a nickel-gold plating line, with just the edge
connectors immersed in the plating fluid. Nickel is plated first, Watts or sulfamate nickel is common. Cyanide gold
isthe most common gold electroplating chemistry.

Soft Electrolytic Gold. Soft goldisapuregold coating over anickel deposit. 1t may be electroplated over the
entire circuit or selectively over certain portions of acircuit (excluding edge connectors, which require hard gold).
Selective electroplating requires a combination of masking and bussing (providing current to the portion of the
circuit being electroplated). Selective gold applications include contact points (which may require hard gold), press
pads, wire bond sites, or portions of a board that may reside in a corrosive environment. Selective gold plating can
be labor-intensive and is not frequently specified for production lots (all gold plating is often substituted; the labor
savings offset the extra gold required).

Electroless Nickel/mmersion Gold. The electroless nickel/immersion gold processis another method of
applying soft gold. Electroless plating can be conveniently performed after etching because no bussing is required.
Therefore, these all-gold boards can be processed with a standard tin etch-resist and processed identically as SMOBC,
except the gold plating step replacesthe HASL step. This process has advantages over SMOBC/HASL and
electrolytic gold plating. When compared to SMOBC/HASL, electroless al-gold circuits have a much longer shelf
life. Theflat surface profile of the electrolessly plated surface-mount pad and overall excellent solderability make
electroless nickel/gold ideal for surface-mount technology. When compared to electrolytic gold, electroless has the
advantage of full copper encapsulation because plating is performed after etching, not before, as with electrolytic gold
plating. Selective gold plating is made somewhat easier by the electrol ess plating method since no electrical bussing
isrequired. Cost isthe main disadvantage. Immersion gold and electroless nickel process baths are short-lived
compared to electrolytic formulations, and maintenance and control of these baths is more difficult. The main
application of electroless nickel-gold coatings is chip-on-board technology, where component leads are ultrasonically
or thermosonically bonded to gold pads rather than soldered.

3.2.8.4 Immersion Bismuth/Immersion Silver

Two non-precious metal coatings have been devel oped that are less expensive and require fewer steps than their
precious metal counterparts. No base nickel is necessary, which eliminates that step. However, both immersion
technologies require that the surface is cleaned and microetched to remove surface oils and improve topography for
subsequent deposition. Testing has shown that these two immersion metals provide better solderability than organic
coatings (ref. 39).

Immersion Bismuth. Bismuth resists oxidation and provides solderability similar to that of unoxidized copper.
The bismuth coating does not form any intermetallic alloy with copper and readily diffuses throughout the solder
joint during soldering since it melts at nearly the same temperature as tin-lead.

Immersion Silver. Immersion silver isdeposited in conjunction with an organic coating. After surface

preparation the panels are transferred to the immersion silver. Since bare silver surfaces tarnish and oxidize, the
organic component is added as a protective coating for the silver.
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3.2.8.5 Organic Solderability Preservatives (OSPs)

The OSP coatings are applied to bare copper after solder mask (they can be applied to the finished board after
routing). Their function isto protect the copper from oxidation and to provide long-term solderability. The coatings
can usually be applied inimmersion, spray, or flood mode (ref. 35). OSPs offer an environmentally friendly
alternative, low capital equipment expense, lower maintenance costs compared to HASL, and are safer for employees
to handle. However, HASL has avery long and reliable track record, which is a deterrent to change. For such a
change to occur, PWB facilities and their customers need to be convinced that OSPs are aviable alternative. Some
may be forced into trying OSPs as designs call for finer pitch surface mount pads. HASL is notorious for depositing
uneven and unlevel amounts of solder on surface features, while OSP-coated features have good pad coplanarity.
Care must be taken, however, while handling and storing OSP-coated boards. The surface is not very durableand is
susceptible to scratches that will expose the copper underneath and allow oxidation to occur.

A cost comparison compl eted at alarge facility concluded that the OSP process costs one-third that of HASL .
Among the costs associated with HASL are:

High equipment maintenance costs

Cost and maintenance of safety equipment for HASL operators

Hazardous waste disposal of the tin-lead frames after the panels are routed

High electricity costs to keep the solder pot heated

Labor cost involved with the masking and subsequent cleaning of gold edge contacts

Added cleaning necessary to pass surface insulation resistance (SIR) testing when using dry film

While companies converting to OSPs report success, they indicate that facilities must be prepared for process
aterations. New “optimum” operating parameters will need to be established. During assembly, for example,
different flux formulations, pre-heat temperatures, and solder pot temperatures may be necessary. They recommend a
coordinated effort between the PWB shop, assembly shop, and the customer to educate one another on process issues
and what is or is not an acceptable final product.

3.2.9 Final Fabrication

Non-plated features are added to the board during the final fabrication process. These may include tooling holes,
cutouts, and countersink holes. Numeric controlled routers run profiling programs that are output from the CAM
systems with al of the features needed according to specifications.

Finally, the circuit is either completely routed from the panel or partially depanelized. Partial depanelization is
common with production lots or when board assembly will be performed by machine. Most of the circuit is routed
out of the panel, but tabs remain to hold the circuit in place. This allows the assembly machine to populate
multiple boards at once. Afterwards, the circuits can be snapped or broken out of the panel. Such panels are often
referred to as “ breakaways,” “snaps,” or “arrays.”

An alternative to breakaways is to have the panel V-scored. This allows more circuits to be placed on a panel since
no spacing is necessary for the routing bit. An array of circuitsisrouted asif it were asingleimage. The V-scoring
machine has a thin rotating scoring blade that will rout across the top of the panel 30-40% of the thickness of the
panel. Thisisrepeated on the bottom side. Some scoring machines have two blades and both sides can be scored in
one pass. The remaining 20-40% of the panel not routed will hold the panel together through assembly and can then
be easily broken apart.

Drilling and routing produces dust from the material that is being drilled or cut. Most of the material isthe glass
and resin core. However, copper islaminated to the core, and in the case of routing, there may be tin-lead or another
metal plated to the surface. A toxicity characteristic leaching procedure (TCLP) can be performed on a sample of
router dust to determine how the dust needs to be treated. In most casesit can be treated as non-hazardous industrial
waste. If the lead concentration in the dust were greater than 5 mg/L, the router dust would be considered hazardous
and would have to be managed in compliance with Resource Conservation and Recovery Act (RCRA).

The "frames' that remain after the boards are routed from the panel may have atin-lead or gold coating. These
frames are collected and sold as scrap.

3.3 Waste Generation and Pollution Prevention Methods

A summary of waste volume estimates for common PWB manufacturing processes is presented in Exhibit 3-23.
Potential substitute processes that may reduce the quantity of waste generated or the hazardous characteristics of the
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waste are presented in Exhibit 3-24. Potential bath maintenance and recovery options applicable to common PWB
manufacturing processes are identified in Exhibit 3-25. Detailed information relative to these technologies can be
found in Section 4.

Exhibit 3-23. Selected Waste Volume Estimates from PWB Processes

Volume
(based on 1000 board ft2

Process Waste of 4 layer boards)
Etching, Inner and Outer Layers Spent Etchant 140 galons
Dry Film Resist Developer Spent Devel oper 200 gallons
Dry Film Resist Stripper Spent Stripping Solution 6 gallons
Tin-Lead Stripper Spent Stripping Solution 17 gallons
Soldermask Devel oper Spent Devel oper 60 gallons
Microetch; Inner and Outer Layers ~ Spent Micro-Etchant 16 gallons
Sulfuric Acid Dips Spent Sulfuric Acid baths 12 gallons
Electroless Copper Waste Electroless Cu Bath 26 galons
Board Trim Waste Copper-Clad Materia 187.5 square feet
49.2 Ibs Cu
Assumptions:

0 Ammoniacal etchant used for both inner- and outer-layers, 70% of copper foils etched, 1 oz copper used on all layers, and 20 oz/gal
carrying capacity of etchant.

1 Fifty percent of film developed (30% outer, 70% inner), developer carrying capacity of 3 mil-ft2/gal, and 1 mil film is used throughout.

2 Fifty percent of film stripped (70% outer, 30% inner), stripper carrying capacity of 100 mil-ft2/gal, and 1 mil film is used throughout.

3Thirty percent metal area, tin-lead resist is 0.3 mil thick and stripper capacity of 15 oz/gal of metal.

4 Thirty percent of mask developed, 1 mil thickness, 10 mil-ft2 carrying capacity.

50xide, electroless Cu, and pre-pattern plate microetches (50%, 100%, and 30% of surface area etched, respectively) considered. Many

facilities may employ additional baths.

6 microinches average etch and 4 oz/gal carrying capacity.

7 Bathlife of 1 gallon/500 ssf, 3 sulfuric dips (oxide, electroless copper, and pattern plate lines).

818x24 panels with .75-inch thief area and .25 inch spacing of 6 step-and-repeats, outer layer 2 oz copper (80% of trim area), inner layer 1

0z copper (50% of trim area).

Exhibit 3-24. Potential Substitute Processes for Common Multilayer PWB Manufacturing

Processes
M ost
Common Substitute
Process Processes Advantages Disadvantages
Chemical Pumice Eliminates portion of chemical M aintenance-intensive equipment
Clean Scrub preclean line (anti-tarnish remover and
anti-oxidant remover may still be
necessary)
Does not produce copper-bearing waste
from scrubbing operation
Mechanical Eliminates chemical pre-clean line Imparts stress to thin layers-—-usually
Brush Scrub not an option of very thin inner-layer
material
Introduces a waste stream bearing
copper dust
Photo-tool Direct Eliminates photo-tooling (film, film Very high capital costs
creation Imaging punches, film devel oping) Current models are slower than
Eliminates defects introduced by photo-  conventional photo-tool exposures
tools (film dimensional instability,
handling defects)
Oxide Use pre- Eliminates oxide process line Material is more expensive
treated or Simply moves oxide process upstream
"double-treat" to laminate vendor
material
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Permanganate  Plasma Eliminates desmear processline Slower, limiting use among production
Desmear desmear Completely "dry" process shops
Process control is more precise Higher capital investment
Electroless Various Eliminates formal dehyde Far less mature--many early versions of
Copper metallization ~ Some shorten process line from 7-8 the aternatives had narrow process
aternatives process tanks for electroless Cuto 3-5  windows
(seedetalsin tanksfor aternative Some alternatives require
Exhibit 3-16) Some eliminate high concentrationsof  conveyorization which generally has
EDTA and other complexing agents associated higher capital costs than
Carbon and graphite-based adternatives  tank lines
have only one copper-bearing process
tank and rinse stream--micro-etch
Pattern Plate  Panel-Plate Facilitates use of organic (dry film) Inefficient--most of copper plateis
Copper Copper etch resist as opposed to metallic subsequently etched away
Shorter process--pattern plate pre-clean  Copper incidentally plated on surface
lineis eliminated along withtin-plate  excludes use for fine lines due to
line etching undercut.
Pattern Plate  Pattern Plate  Eliminates |ead from process Some specifications require tin-lead,
Tin-Lead Tin No performance loss as etch resist. forcing facilities to maintain both lines
Tin sulfate bath also eliminates or atin-lead line only; Issueis of
flouborates considerable importance to small and
very small shops
Solder Mask  SMOBC, Eliminates |ead and maintenance and More expensive
Over Bare E'lessNickel/ capital intensive HASL Considerable additional process
Copper Immersion When used with tin-only etch resist, chemistry and time
(SMOBC) Gold manufacturing process becomes lead-
followed by free
Hot Air Provides excellent solderability, shelf
Solder life
Leveling
(HASL)
SMOBC, Eliminates lead and maintenance and OSP coating is soft, scratches easily,
Organic capital intensive HASL which can lead to defects
Solderability  Opens new process sequence options Requires some co-ordination with
Preservative  (OSP can be applied immediately after  assembly houses
(OSsP) solder mask or later in the process)
Coating Lower overall costs
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Exhibit 3-25. Potential Bath Maintenance and Recovery Options Applicable

to Common PWB Processes

Common
Tank

Common Bath Maintenance
&

Chemical Anti-tarnish Mixed strong Rinsewater contains Bath: Consider use of bath maintenance
Clean* Remover acids Cu technology such as diffusion dialysis or acid
Spent bath contains sorption.
1-10 g/L Cu
Microetch Persulfate-based Rinsewater contains Rinse: Recycle using ion exchange.
or Cu Bath: Peroxide sulfuric can be chilled, causing
Peroxide/ Spent bath contains copper sulfate to crystallize for recovery and
sulfuric 20-40 g/L Cu sale. Decanted solution can be reused.
Persulfate baths can be reduced, then
eectrowinned to recover copper.
Sulfuric Acid 5% sulfuric Rinsewater contains Rinse: Recycle using ion exchange.
Cu Bath: Acid purification for bath life extension
Spent bath contains (usually economical for large shops). Cu
1-2 g/L Cu concentrations usually too low for Cu recovery
using electrowinning.
Anti-tarnish Weak acid Rinsewater contains None identified.
(citric) Cu
Spent bath contains
1g/L Cu
Imaging* Film develop, Spent devel oper, Small quantities of silver can be recovered with
fix fixant electrowinning or metal replacement
technologies.
Resist Sodium Rinsewater generally Square footage analytical-based replacement
developer carbonate free of metals rather than time-based, which is frequently
Process solution employed for this bath.
contains dissolved
resist
Etching Etchant Acidiccupric  Rinsewater contains Rinse: Cu-free etchant flood rinse to lower Cu-
chloride or Cu. rich dragout. Rinse can be recycled with ion
alkaline Spent etchant exchange.
ammoniacal  contains 140 or Bath: Bath regeneration with chlorination is
more g/L Cu common with cupric etchant. Copper can be
eectrolytically removed from ammoniacal
etchants, reinjected with ammonia and oxygen,
and reused. Other regeneration techniques
include membrane-based technologies
(electrodialysis).
Resist Strip ~ Stripper Potassium- Rinsewater contains Bath: Filtration can be used to remove solids
hydroxide/ dissolved and solid  and extend the bath life.
solvent resist, but no metal

Spent stripper
contains dissolved
resist
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Oxide*

Microetch Persulfate-based Rinsewater contains Rinse: Recycle using ion exchange.
or Cu Bath: Peroxide/sulfuric can be chilled, causing
Peroxide/ Spent bath contains copper sulfate to crystallize for recovery and
sulfuric 20-40 g/L Cu sale. Decanted solution can be reused.
Persulfate baths can be reduced, then
electrowinned to recover copper.
Sulfuric Acid 5% sulfuric Rinsewater contains Rinse: Recycle using ion exchange.
Cu Bath: Acid purification for bath life extension
Spent bath contains (usually economical for large shops). Cu
1-2 g/L Cu concentrations are usually too low for Cu
recovery using electrowinning.
Pre-Dip Sodium Norinse; Littleor  None identified.
hydroxide no Cu in bath.
Conventiona  Caustic and Rinse contains Cu  Consider new chemistries not based on
Oxide hypochlorite  Spent process hyprochlorite.

Clean Holes
Permanganate* Hole

Desmear

solution contains
low concentration of
Cu

Various organic Rinse withno Cu  Noneidentified.

Conditioner solvents, amine Process solution
acids with no Cu
Permanganate  Potassium Rinsewater contains Bath maintenance technology (e.g., porous pot)
permanganate, little or no Cu extends bath life.
caustic Process solution
contains little or no
Cu
Neutralizer Sulfuricacid  Rinsecontains Cu  None identified.

Process solution
contains1-5¢g/L C

M ake Holes Conductive

Deburr and Mechanical Rinsewater contains Filter rinse to remove Cu particles.
Scrub Scrub copper dust and
spent brush fibers
Electroless Cleaner Triethan- Rinse contains some None identified.
Copper* olamine or Cu; Process
other caustic  solution contains 1-
5 g/L Cu, also may
contain complexer
such asEDTA
Microetch Persulfate-based Rinsewater contains Rinse: Recycle using ion exchange.
or Cu Bath: Peroxide sulfuric can be chilled, causing
Peroxide/ Spent bath contains copper sulfate to crystallize for recovery and
sulfuric 20-40 g/L Cu sale. Decanted solution can be reused.
Persulfate baths can be reduced, then
electrowinned to recover copper.
SulfuricAcid 5% sulfuric Rinsewater contains Rinse: Recycle using ion exchange.
Cu Bath: Acid purification for bath life extension
Spent bath contains (usually economical for large shops). Cu
1-2¢g/L Cu concentrations usually too low for Cu recovery
via electrowinning.
Pre-dip Hydrochloric ~ No rinse; Spent bath Noneidentified.

acid contains 1-2 g/L Cu
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Catalyst Hydrochloric  Rinse contains Cu, Rinse: Recycle with ion exchange.
acid, stannous Pd, Sn; Process Bath: Long-lived bath can be extended further
chlorideand  solution contains <1 by maintenance of pre-dip.
palladium g/L Cu, <1 g/L Pd
and ~5g/L Sn
Accderator Fluoboric acid Rinse contains Cu  Rinse: Can be recycled with ion exchange.
or sulfuric acid- and Sn Switch to sulfuric-based chemistries that can be
based Bath contains2-5  eectrowinned for Cu recovery.
g/L Cuand Sn
Electroless Copper sulfate, Rinse contains Cu  Rinse: Can be recycled with ion exchange.
Copper caustic, andformadehyde  Bath: Cu from solution can be recovered with
formaldehyde, Bath contains Cu (3- activated foam canisters.
EDTA, other  7g/L) Switching to an alternative metallization
Some method removes some Cu sources, eliminates
formulations formaldehyde, and reduces water consumption.
include CN
Anti-tarnish Wesk acid Rinsewater Rinsewater contains Cu.
(citric) containing Cu Spent bath contains 1 g/L Cu.
Spent bath
containing 1 g/L Cu
Imaging Developer Sodium Rinsewater generally Square footage analytical-based replacement
carbonate free of metals rather than time-based, which is frequently

Process solution employed for this bath.
contains dissolved

resist
Pattern Plate  Cleaner Ethylene glycol None identified.
Copper*
Microetch Persulfate-based Rinsewater contains Rinse: Recycle using ion exchange.
or Cu Bath: Peroxide/sulfuric can be chilled, causing
Peroxide/ Spent bath contains copper sulfate to crystallize for recovery and
sulfuric 20-40 g/L Cu sale. Decanted solution can be reused.
Persulfate baths can be reduced, then
€l ectrowinned to recover copper.
SulfuricAcid 5% sulfuric Rinsewater contains Rinse: Recycle using ion exchange.
Cu Bath: Acid purification for bath life extension
Spent bath contains (usually economical for large shops). Cu
1-2g/L Cu concentrations usually too low for Cu recovery
via electrowinning.
Copper Sulfate Copper sulfate, Rinsewater contains Rinse is excellent candidate for
asulfuricacid  Cu. dragout/el ectrowin setup for copper recovery.
Bath contains 10-20 Remaining Cu-bearing rinse can be recycled
g/L Cu with IX.
Pattern Plate  Tin-lead Stannous Rinsewater contains Rinse: Since bath is not heated, simple drag-
Etch Resist* fluoborate Snand Pb out configuration is not effective. Point source
Lead fluoborate Bath contains 20-30 ion exchange to remove metal or to recycle
Boric acid g/L of Snand Pb  water is effectivein removing lead from
Fluoboric acid entering general waste streams to conventional
treatment.
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Strip Stripper Potassium- Rinsewater contains Bath: Filtration can be used to remove solids
Photoresist hydroxide/ dissolved and solid  and extend the bath life.
solvent resist, but usually
no metal
Spent stripper
contains dissolved
resist
Etch Copper  Etchant Acidic cupric  Rinsewater contains Rinse: Cu-free etchant flood rinse to lower Cu-
chloride or Cu. rich dragout. Rinse can be recycled withion
alkaline Spent etchant exchange.
ammoniacal  contains 140 or
more g/L Cu Bath: Bath regeneration with chlorination is
common with cupric etchant. Copper can be
electrolytically removed from ammoniacal
etchants, reinjected with ammonia and oxygen,
and reused. Other regeneration techniques
include membrane-based technologies
(electrodialysis).
Strip Etch Tin, Tin-lead  Various Rinsewater contains Switch to tin-only plating to eliminate lead
Resist strip chemistries Sn and Pb; bath from thiswaste.

used, including contains 50-100 g/L
nitic-based and Sn and Pb.

ammonium Bath may contain
biflouride small but significant
amounts of arsenic
and other tin/lead
anode impurities.
Solder Mask  Developer Sodium Rinsewater generally Square footage analytical-based replacement
carbonate free of metals rather than time-based which is frequently
Process solution employed for this bath.
contains dissolved
resist
Hot Air Solder AcidCleaner  Hydrochloric  Rinsewater contains None identified.
Level* add Cu
Bath contains 1 g/L
Cu
Flux L-Glutamic None identified.
acid HCL,
Polyalkylene
glycol, other
Solder Tin-lead Dross, rinsewater, Drossis generally recyclable off-site (to solder
Immersion trace amount of bar vendor).

dissolved Pb; some
metallic Pb and Pb

salts may also enter
rinsewater stream

* See Table x-x for common process substitutions



4.0 Wastewater Generation and Fundamental Waste
Reduction Practices

4.1 General

Section 4 presents a discussion of wastewater data provided by survey respondents. It also covers fundamental waste
reduction practices used in the PWB manufacturing industry. These practices were identified from the survey and a
review of literature. Implementation of these practices is considered the first step in an effective pollution control
program. These pollution prevention (P2) methods are relatively inexpensive to implement and they reduce the need
for the more expensive recovery, recycle and treatment technologies which are discussed in Sections 5 and 6.

The fundamental waste reduction practices are categorized into the following three groups:

Good Operating Procedures
Drag-Out Reduction and Recovery Methods
Rinse Water Use Reduction

Descriptions of these practices, along with summaries of relevant survey responses, can be found in Sections 4.3
through 4.5.

4.2 Wastewater Survey Data

This section of the report contains a discussion of wastewater data provided by survey respondents, including
discharge type, flow rates, and costs for raw water and sewer use charges. Additional wastewater data, including
discharge limits, compliance difficulties, and treatment methods employed by survey respondents, are found in
Section 6.

4.2.1 Discharge Types

For the purpose of this survey, the discharge type refers to the destination of wastewater discharges regulated by
categorical effluent standards. The three possible selectionsin the survey questionnaire were direct discharge (i.e., to
surface water such asariver or stream), indirect discharge (to a publicly owned treatment works or POTW), or zero
discharge (no process wastewater discharge from PWB manufacturing).

The survey data (see Exhibit 4-1) show that the majority of the respondents are indirect dischargers (69%). One
facility indicated they are at zero wastewater discharge. That particular facility isasmall PWB shop operated by the
US Navy (ID# 36). Based on the information in their survey form, it appears they achieve zero discharge by
implementing good operating procedures and using an evaporative technology, and shipping concentrated residual
wastes off-site for disposal.

4.2.2 Discharge Flow Rates

Wastewater discharge data are summarized in Exhibit 4-1, columns 6to 9. Average daily flow rates for respondents
range from 400 gpd (ID# 36) to 400,000 gpd (1D# 740500). The mean and median flow rates of respondents were
64,459 gpd and 35,000 gpd, respectively. The vast majority of water used in PWB facilitiesis used for rinsing. The
quantity of rinse water used is dependent on numerous factors, including types of boards manufactured, production
rate, cost of water and sewer use, drag-out rate, use of pollution prevention measures (e.g., extended draining time),
therinsing configuration (e.g., single rinse vs. counterflow rinse), and water use control method (e.g., continuously
running rinses vs. those controlled by conductivity controllers). Some of these factors are examined in this section.

The values in column 8 express water use in terms of production. These values are calculated as the average flow

rate in gallons per square feet of “wetted surface.” The wetted surface areawas calculated based on the total surface
areaof dl layers of boards manufactured. Because these adjusted production-based flow rates account for multiple

processing and rinsing steps, they are a good method of comparing water use among respondents.

Not suprisingly, the data indicate that overall water usage was related to the product mix of the shop, particularly the
layer-count mix. Therefore, an adjusted, production-based flow rate was calculated. Comparing the adjusted
production based flow rates, the range of water use among respondents is extremely wide; 8% of respondents reported
water usage of over 250 gallong/layer-ft?, whereas 69% reported water use of less than 75 gal/layer-ft2.

A very sharp distinction can be drawn between the water use of larger and smaller shops. The largest 25 facilitiesin

65



terms of production had water usage rates less than one-third that of all respondents. Since facilities that did not have
formal data were encouraged to estimate their water usage, it is possible that some of the very high usage rates
among the smaller shops are a result of poor estimation of either the production rate or water usage. Following this
line of reasoning, it is also possible that the rates shown in Exhibit 4-1 for the largest 25 facilities are a more
accurate estimate of true water usage by this industry sector.

Thereis arelationship between the adjusted production-based flow rates and the cost of water and sewer use. For
facilities that have very high combined water and sewer costs, the adjusted production-based flow rates are very low.
Variation of water and sewer use costs among survey respondentsis likely due in part to geographical location, with
higher costsin coastal and arid regions.

Exhibit 4-1. Water Use and Wastewater Discharge Data

Resp.

ID

Prod.

(board ft?/yr)

Direct
In-direct
Zero

Avg Flow
(gpd)
Max. Flow
(gpd)
Flow

(gal/
layer-ft?)
Cost of Water
($/Kgal)

Cost of Sewer

($/Kgal)Cost of Water & Sewer

($/Kgal) 36930A-X27,00000.951.452.40955099-

X120,000140,000nrnr12.4055595-X 20,00022,500nrnr44486-

X100,000130,0001.620.792.41955703-X 98,000108,0001.700.552.2513-

X30,00033,000 37-X10,00012,000

1.51.352.85154,000X 13,50017,000516.2386,800X 3,0004,00060.44.63.48.

003610,000X4008002.8 5410,625X 80,000120,000477.5

5111,000X9,50011,700114.61.51.352.854112,000X 230,000275,000618.30.71.1

21.82671015,000X 10,56021,12012.01.503.505.002215,000X 10,00018,00058.8
5715,000X40,00050,000

2.335.304816,000X 12,00030,000102.61.342.363.701216,788X 17,00024,0001
19.73.183.181717,000X 18,00021,00076.3 1917,500X 275,000310,000677.

61.2534.252818,000X 40,00051,000260.32.352.795.144718,000X 25,00032,000

44.52.661.44.065218,000X21,00032,00034.7

1120,000X 32,50052,00061.12.242.875.114222,000X 25,00040,00051.8

4522,500X 25,00030,00049.60.002025,000X 3,5005,00022.5

3525,000X 31,00039,00076.93.23.817.013925,000X 95,000115,000125.10.00

2726,480X 25,00028,00051.7

2628,500X 77,00080,000291.50.003129,500X 60,00090,00056.31.230.792.02
1830,000X 40,00042,00049.61.31.552.853330,000X 45,00070,000197.955.00

4030,000X60,00090,00075.8

3433,000X 70,00085,00076.31.290.51.795035,000X 39,00050,00069.1

4435,625X 35,00040,00077.43.53.501036,000X 30,00033,00041.8
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1636,000X 200,000171.30.860.41.2694774540,000X 13,00018,00028.61.501.50
3.004340,000X51,62872,28899.91.330.331.664465742,358X 6,000180,0008.31.
982.294.274644,000X 45,00060,00044.8
2345,000X130,000157.8213.002155,000X 113,000175,000
2.80.63.402971057,000X 74,000124,00091.2nrnr

50210060,000X 35450.08nrnr
5564,500X168,900168,900192.31.212.613.825669,000X 50,00065,00043.811.
005370,000X35,00040,00035.10.003271,064X 215300
1.742.864.603248275,000X 31,00054,00036.41.94nr1.942575,000X 110,000130,
00036.9112.002975,000X 34,000150,0007.833.002550390,000X 5,0006,5009.
9nrnr 3693096,000X 00nrnr 49120,000X 64,00085,00099.0
965874175,000X21,00027,00016.91.721.032.75953880180,000X 35,00045,00013.9
1.332.603.9333089200,000X 16,00025,00011.61.322.283.60T 3200,000X 20,000
30,0006.2nr4.004.003470240,000X20,00030,0009.20.060.0643841250,000X 38,
00050,0009.93.542.576.11279250,000X 5,2005,5004.37.565.8213.3814250,000

30250,000X2.52.50237900273,000X 105,000125,00015.61.430.612.042737

01280,000X 25,00030,0008.61.411.352.7641739300,000X 57,12565,00017.90.801.

602.40959951320,000X 20,00030,0007.1nrnr

42692360,000X 100,000125,00023.90.03nr0.03358000500,000X 9,00012,0000.9nr

nr

43694500,000X 30,00040,00011.61.000.781.7837817540,000X 6,00011,0002.41.2

00.211.4142751540,000X 140,000160,0007.01.603.104.70T 2600,000X 48,00062,4

004.21.612.704.31133000600,000X 160,000200,00013.72.732.335.06 T 1936,000X

160,000185,0005.21.632.924.557405001,800,000X 400,0001,000,0009.62.223.085.30

9465871,900,000X 200,000250,0004.30.580.731.3130232,300,000X 145,000160,000

2.23.785.249.02318383,000,000X 280,000420,0002.31.851.903.754628003, 750,000

X26,00031,0001.813.803.4017.201073005,000,000X 250,000300,0006.31.501.963.46
Mean64,459—

8.20*1.602.283.18M edian35,000—12.42*2.162.604.07
*For largest 25 shops.

Low water use rates can be achieved through the implementation of simple water conservation techniques and/or by
using technol ogies such asion exchange that recycle water. 1D# 462800 has achieved the lowest production-based
flow rate without the use of any sophisticated recycling technology. Rather, it uses flow controllers, rinse timers,
and reactive or cascade rinsing.® The data also indicate that facilities that have implemented the ion exchange
technology within their processes have alower average flow rate than those that have not implemented this
technology.*

The data a so indicate that the use of water conservation methods does not always result in low water use. The four
facilities with the highest production-based flow rates do not use ion exchange recycling, but they all indicated that
they employ counterflow rinsing, plus some other methods of water conservation. In such cases, it is probable that
water is ssimply being wasted by having unnecessarily high flow rates in the rinse tanks (e.g., flowing water during
periods of non-production).

4.3 Good Operating Practices

Good operating practices are organizational and procedural activities that reduce the generation of waste. Generally,
these are not equipment-oriented methods of waste reduction, although the implementation of some good operating
practices can result in significant capital expenditures when implemented plant-wide. Many of the good operating
practicesidentified will provide product quality improvements and operating cost reductions in addition to reducing
waste generation. Also, they will generally improve the working environment of a shop, including health and safety
aspects. Exhibit 4-2 contains the survey results for good operating practices.

Exhibit 4-2. Good Operating Practices

3 Water conservation methods such as these were covered in Section 6 of the PWB survey form. The responses to these questions are
summarized in Section 6 of this report.

4 Based on six facilities (ID# s 25503, 3470, 43694, 37817, T1, 31838) that have installed ion exchange and have an average adjusted
production-based flow rate of 5.4 gal/ssf, vs. an average for al facilities of 12.4 gal/ssf.
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Drag-Out Reduction or Recovery Method No. of PWB Respondents Using Method% of PWB
Respondents Using Method Maintain records of analysis and additions3193.1Perform in-house regular
process bath analysis8091.9Dump process baths based on analysis rather than schedul es7485.0Control
inventory levels and access7282.7Have preventive maintenance program for tanks6372.4Conduct

employee education for pollution prevention6271.2L.ook for opportunities to reduce energy
consumption6170.1Have aformal policy statement regarding pollution prevention5360.9Have aformal
pollution prevention program4855.1Have overflow aarmsin process tanks4046.0Have aleak detection

system2023.0Recycle non-contact cooling water*11.1
* Added by respondent under “ Other.”

4.3.1 Employee Awareness and Education

Employees are often the fundamental cause of waste generation and, conversely, they are in the best position to
employ pollution prevention and control. Without employee cooperation, even the best efforts of management will
be ineffective or futile (ref. 23). Of the 87 PWB facilities responding to the survey, 62 (or 71.2%) indicated that
they conduct employee education for pollution prevention.

Employee awareness and education begins with a clear company policy with regard to the environment and plans for
pollution prevention and control. The policy must be conveyed to the employees and reinforced in various waysin
order to create a sufficiently positive attitude toward meeting the company's environmental goals.

There are three stages to instilling a pollution prevention attitude in employees and providing them with the
knowledge needed to perform successfully. These are prior to job assignment, during job training, and on-going
education throughout employment (ref. 40). This training should include the following elements:

How, why, and where waste is produced and how to minimize it (e.g., good rinsing practices)

Preventive maintenance methods that reduce waste generation (e.g., tank/liner inspection and repair)
Company rules for handling process chemicals and making process (tank) additions

Procedures for handling spills/leaks

How to operate pollution prevention and control technologiesin their working area

Where to go for assistance with a non-routine problem

Capabilities and capacities of waste treatment processes

Environmental regulations and how they relate to the processes the employees operate

Why pollution prevention isimportant (cost, regulations, health and safety, improved working environment,
improved environment)

How related waste management operating costs (e.g., chemicals, water, waste treatment, hazardous waste)
impact employee wages

The advantages of establishing company rules and employee training will be reduced or eliminated unlessthe
program has a method of measuring success and can deal with those who refuse to participate. Success should be
quantified, whenever possible. This means companies should collect chemical use and waste generation data,
maintain records, and periodically evaluate the records. Data collection and record keeping are discussed in Section
4.3.2.

One PWB company that was experiencing high HCl use (HCI bath serving as a microetch on a preclean line)
implemented an education program that kept employees informed about process specific chemical and water costs.
On their high production line, some incidents of misuse represented a cost of $2,000 to $5,000. By immediately
informing the employees after each incident of high water/chemical use was detected, the incidents were brought
under control in a matter of months and eventually were eliminated (ref. 41).

Bonuses, awards, plagues, and other forms of recognition are often used to provide motivation, and to boost
employee cooperation and participation. In some companies, meeting waste minimization goalsis used asa
mesasure for evaluating the job performance of managers and other employees (ref. 42).

4.3.2 Chemical Tracking and Record Keeping

The major sources of pollution from plating operations are process chemicals. Process chemicals become pollution
through both use and misuse, resulting in wastewater generation, spills/leaks, spent solutions, sludge, and air
emissions. To befully effective, a pollution prevention and control program must track and record chemical
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purchases, chemical use, and waste generation. The following isalist of chemical and waste data that merit
consideration for record keeping (ref. 3):

Chemical purchases

Chemical inventory

Bath analyses

Process bath reformulations and chemical additions
Partial tank discharges (i.e., decanting, bleed and feed) and total tank discharges (i.e., batch dumps)
Water use per rinse tank or process line

Total wastewater flow

Wastewater trestment chemical use

Spent process solution analyses

Waste treatment sludge analyses

Specific incidents of high chemical use

To increase the utility of the chemical use and waste generation data, corresponding production data should also be
collected and recorded. These data can be used to identify variability of chemical use and waste generation that are due
to production changes rather than operational practices. Asdiscussed in Section 4.3.1, chemical use data should be
shared with employeesin an effort to educate them.

Severa survey questions were related to chemical tracking and record keeping. Records of analyses and additions are
kept by 93.1% of the shops. Thisitem had the highest response for good operating procedures. In-house bath
analysis is second with 91.9% of the shops. Controlling inventory levels and accessis performed by 82.7% of the
PWB shops.

4.3.3 Chemical Purchasing, Storage, Usage, and Handling

Proper purchasing, storage, usage, and handling of chemicals increases the percentage of raw materials that reach
their intended process without spills, leaks, or other types of losses that could result in waste generation. Some
basic guidelines for good operating practices include (ref. 40):

Purchasing:

- Standardization of materials (i.e., using the minimum number of materialsin all operations). Many times the
decision to use one material over another is based on operator preference, rather than on atechnical or economic
requirement. Written specifications can improve purchasing and reduce waste.

Avoid over-purchase of materials.
Avoid collecting free samples of process chemicals from vendors. Only accept amounts needed for testing
purposes.

Storage:
- Utilize adedicated/protected storage area.

Space containers in storage areas to facilitate inspection.

Label al containers.

Stack containers according to manufacturers instructions to prevent cracking and tearing from improper weight

distribution.

Separate incompatible materials in storage, such as cyanides and acids.

Raise containers off the floor in the storage area to inhibit corrosion from sweating concrete.

Handling/Use:
- Establish written procedures for process (tank) formulation and additions.
Use specifically assigned personnel to formulate baths and make tank additions.
Perform routine bath analyses and maintain bath analysis logs and tank formulation/addition logs.
Use process baths to the maximum extent possible (do not employ a dump schedule).
Implement multiple use of certain materials.
Implement statistical process control (SPC) to improve the efficiency of chemical use.

Survey results show that process bath dumps based on analysis rather than a schedule is performed by 85%
respondents. Overflow alarmsin process tanks are used by 46% respondents.
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4.3.4 Preventive Maintenance

In general, preventive maintenance is an important element in operating and maintaining a PWB facility. With
regard to pollution prevention, preventive maintenance can minimize chemical losses due to leaks and can reduce the
potential for a catastrophic loss due to atank failure. Specific areas where preventive maintenance can reduce
pollution generation include:

Periodic inspection of tanks and tank liners with replacement or repair of damaged or corroded units

Regular replacement of seals on chemical pumps and filter systems

Inspection and repair of racks, particularly focusing on loose coatings that can hide drag-out and copper nodules
that can dissolve in process tanks

Regularly checking tank bottoms for panels, fixtures and other materials that have fallen and will corrode

4.3.5 Leak/Spill Prevention and Control

Chemical losses from leaks and spills can equal or outweigh the losses due to routine production operations. 1f
small leaks from pumps, filters or tanks go unnoticed or ignored over along time, the overall loss can be very
significant. Catastrophic losses, such as atank failure caused by corrosion, will cause more immediate results.
Several methods for reducing the potential of chemical losses from these sources were identified from the literature
and survey. Theseinclude:

Conduct preventive maintenance of pumps, filters, tanks, etc., as discussed in Section 4.3.4.

Employ a controlled method of adding make-up water to process tanks (do not permit use of unattended hoses).
Install overflow alarms on al process tanks and especially on tanks that are heated and require regular
evaporative replacement.

Install double-walled tanks and for added protection; install a sight tube that will indicate if aleak of the inner
wall has occurred.

Implement company rules for tank additions and other chemical transfers.

Construct secondary containment with segregation that would permit reuse of spilled material. For example,
install berms around process tanks, externa filter systems, and pumps.

Install pH, ORP, moisture sensors, and/or conductivity sensors with an associated alarm system in bermed
areas, sumps, drain lines, or around treatment tanks.

Of the PWB facilities responding to the survey, 72.4% indicated that they have established a preventive maintenance
program for tanks, and 23% use aleak detection system; 46% have installed overflow alarmsin process tanks.

4.4 Drag-out Reduction and Recovery Methods

For the typical PWB shop, the drag-out of process solutions and the subsequent contamination of rinse waters are the
major pollution control problems. This section explains the basic principles of drag-out theory and explores the
function and applicability of the various drag-out minimization techniques in use today.

By reducing drag-out before it gets into the waste stream, less water is required to maintain clean rinses, water and
sewer charges are reduced, and treatment costs are lowered by treating reduced volumes of water.

4.4.1 Drag-Out Reduction Principles

The viscosity of aplating process solution can be described as its resistance to flow or removal by another liquid (in
this case, rinse water), caused by molecular attraction forces. The difference between high and low viscosity can be
demonstrated with paint and water. A much thicker film will form on aknife dipped in paint than on one dipped in
water. Paint, therefore, has the higher viscosity because of its cohesive and adhesive qualities.

Surface tension is another physical phenomenon that has a significant effect in the PWB shop. According to kinetic
theory, molecules of aliquid attract each other. At the surface of a solution, such as a copper plating bath, the
molecules are subjected to an unbalanced force because the molecules in the gaseous phase are so widely dispersed.
As aresult, the molecules at the surface are under tension and form athin, skin-like layer that adjuststo create a
minimum surface area. The property of surface tension causes liquid droplets to assume a spherical shape.

With the PWB chemical processes, the volume of solution that clings to a panel depends partly on surface tension.
The force of surface tension appears to be most significant at the bottom edge of the part asit passes through and
leaves the process solution. Thisforce and the resultant volume of drag-out appear to be greatly affected by the
orientation of the panel relative to the surface of the liquid (ref. 43).
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The third factor that influences drag-out volume is the temperature of the process solution. Temperatureis
interrelated with viscosity and surface tension. As the temperature of a process solution isincreased, its viscosity,
surface tension, and, therefore, drag-out volume are reduced. A possible exception iswhen panels are withdrawn too
rapidly from a hot process solution, evaporation concentrates the film and impedes drainage. This problem,
however, can be overcome by reducing withdrawal time and using afog spray rinse on the panels as they emerge
from the process solution (ref. 44).

4.4.2 Drag-Out Reduction Techniques

Devices and procedures exist to successfully reduce drag-out. These techniques usually are employed to alter
viscosity, chemical concentration, surface tension, velocity of withdrawal, and temperature. Also used are drag-out
tanks and similar equipment for capturing lost plating solution and for returning it to the bath (ref. 45). Exhibit 4-3
shows the PWB facility survey results for drag-out reduction methods. Also shown in Exhibit 4-3 are the results of
asimilar survey conducted for the metal finishing industry during 1993-1994 (ref. 3). A comparison of survey
results shows that most drag-out reduction methods are more common to one industry segment or the other. Severa
methods are found with similar regularity in both sectors. Some key differences between the industry sectors that
affect P2 choices are discussed in this section.

Most drag-out reduction methods are inexpensive to implement and are repaid promptly through savingsin plating
and other PWB processing chemicals. An additional saving many times the cost of the changesis realized through
decreased operating costs of apollution control system. The reduced drag-out will decrease the need for treatment
chemicals and, subsequently, the volume of sludge produced.

For some process solutions, return of drag-out may be impractical. In the case of process baths that become steadily
contaminated by use, the return of drag-out would simply increase the frequency of dumping (ref. 45).

Exhibit 4-3. Drag-Out Reduction and Recovery Methods Data — Survey Results

No. of PWB % of PWB % of Plating
Respondents Respondents Shops Using
Drag-Out Reduction or Recovery Method Using Method Using Method M ethod*
Allow for long drip times over process tanks 29 76.3 60.4**
Have drip shields between process and rinse tanks 23 60.5 56.9
Practice slow rack withdrawal from process tanks 20 52.6 38.1**
Use drag-in/drag-out rinse tank arrangements 13 34.2 20.8**
Use drag-out tanks and return contents to process 13 34.2 61.0**
baths
Use wetting agents to lower viscosity 12 316 32.4
Use air-knives to remove drag-out 10 26.3 2.2%*
Use drip tanks and return contents to process baths 4 10.5 27.0%*
Use fog or spray rinses over heated process baths 4 10.5 18.9**
Operate at lowest permissible chemical concentrations 3 7.9 34.6
Operate at highest permissible temperatures 2 5.2 17.9

*Results published in reference 1.

**Data are for manually operated methods, which are the predominant type for the plating operations surveyed during the NCMS/NAMF
project.

4.4.2.1 Minimizing Drag-Out Formation

Drag-out of various processing baths into subsequent rinsesis a significant source of pollutionin a PWB shop. The
amount of pollutants contributed by drag-out is afunction of factors such as the design of the racks carrying the parts
to be plated and plating procedures. As previously discussed, several interrelated parameters of the process solution,
including the concentration of process chemicals, temperature, viscosity, and surface tension, also impact pollution
levels.

Many devices and procedures can be used successfully to reduce drag-out. These techniques are usually employed to
alter those important and interrelated process solution parameters.
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Controlling Plating Solutions. Asarule, asthe chemical content of a solution isincreased, its viscosity
increases. Increased viscosity contributes not only to alarge volume of drag-out, but also to a higher chemical
concentration of drag-out. The consequent need for more rinse water creates additional pollution control problems.
Process baths can often be operated at significantly lower concentrations than those recommended by chemical
manufacturers. This practice received the lowest response rate on the survey; only 8% reduce bath concentrations to
lower drag-out rates.

For years wetting agents have been used in process solutions as an aid to drag-out reduction. Survey results indicate
that wetting agents are used by 32% of the PWB survey respondents. A wetting agent, usually a surfactant, reduces
the surface tension of aliquid causing it to spread more readily on a solid surface. A typical plating bath solution
has a surface tension close to that of pure water at room temperature or about 0.0050 Ib/ft. The addition of very
small amounts of surfactants can reduce surface tension considerably--to as little as 0.0017 to 0.0024 |b/ft. (ref. 43).
Further additions of the wetting agent will not lower the surface tension appreciably beyond this point (ref. 46).

Kushner (ref. 43) estimates that the use of wetting agents will reduce drag-out loss by as much as 50 percent,
although no test data or other quantitative information are presented. For plating baths, he recommends the use of
non-ionic wetting agents, which are not harmed by electrolysis. PWB facilities contemplating the use of awetting
agent for drag-out reduction should conduct experiments to determine their potential benefit before implementation.
In addition, facilities should investigate the compatibility of awetting agent with the bath chemistry before use.
Some process baths can only tolerate certain products (ref. 49).

Workpiece Withdrawal. Thevelocity at which work iswithdrawn from the process tank has a major effect on
drag-out volume. The faster an itemis pulled out of the tank, the thicker the drag-out layer will be, because
viscosity forces do not have a chance to operate and a much larger volume of liquid will cling to the surface (ref. 46).
For this reason, an automatic machine that performs smooth, gradual withdrawal will usually drag-out less solution
per item racked than will manually operated equipment.

In astudy by the U.S. EPA, dowing the rate of withdrawal significantly reduced the amount of drag-out. The drag-
out on amicroetch bath was reduced by 45 percent (12.1 ml/f to 6.7 ml/ft?) by adjusting the withdraw rate of an
automatic unit from 100 ft/min to 11 ft/min (see Exhibit 4-4). A 50 percent reduction was achieved on an
electroless copper bath (6.0 mi/ft? to 3.0 ml/ft?) by reducing the withdraw rate from 94 ft/min to 12 ft/min (see
Exhibit 4-5) (ref. 48). Lessdrastic changes to the withdrawal rate can be implemented without sacrificing waste
reduction by combining and optimizing the effects of reducing part withdraw rates and increasing the draining time
over thetank. The additional processing time needed to achieve a substantial reduction in drag-out lossistypicaly
small in comparison to the overall production time. For the case study, the additional 16 to 17 seconds of
withdraw/drain time was considered negligible in comparison to the total production time of 60 min. through the
sensitize line. Also, minor modifications to other parts of the process can usually be made to off-set any increases
due to waste minimization changes.

Exhibit 4-4. Summary of Micro-Etch Results

Withdraw Time of Drain Total
Rate Withdraw Time Time Drag-Out
Experimental Conditions (ft/min.) (sec.) (sec.) (sec.) (ml/ft?)
Basdline 100 1.7 34 51 12.1
Modification 1 11 14.9 25 17.4 6.7
dower rate of withdraw
Modification 2 40 4.3 12.1 16.4 7.1

longer drain time with
intermediate withdraw rate

Exhibit 4-5. Summary of Electroless Copper Results

Withdraw Time of Drain Total
Rate Withdraw Time Time Drag-Out
Experimental Conditions (ft/min.) (sec.) (sec.) (sec.) (ml/ft?
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Basdline 94 18 52 7.0 6.0

Modification 1 12 13.9 32 171 3.0
dower rate of withdraw
Modification 2 40 43 11.9 16.3 29

longer drain time with
intermediate withdraw rate

The survey indicates that 20 facilities (or 52.6% of the respondents) practice a slow rack withdrawal to reduce drag-
out formation.

Drag-out can also be reduced by altering the position of panels asthey are withdrawn from a process solution.
Panels racked with an angular orientation will drain much faster than those racked perpendicular to the solution.

4.4.2.2 Direct Drag-Out Return

Commercially available equipment for the recovery of plating bath chemicalsincludes types that apply such
principles asion exchange, reverse osmosis, electrodialysis, and evaporation. These devices usually are applied to a
single operation, such as copper electroplating, where they concentrate the saltsin the rinse water, return them to the
plating bath, and recycle the purified water to rinse tanks (ref. 3).

Although effective, these recovery technologies are capital intensive. Before the purchase of such equipment, PWB
manufacturers should evaluate use of simple methods of drag-out recovery that require much less capital and are
simpler to operate. After implementing these methods and establishing new drag-out conditions, PWB facilities can
consider the applicability of additional recovery through commercially available units (ref. 3). This section describes
methods that directly return the drag-out to the process tank. In the following section (Section 4.3.2.3), methods are
described to recover the drag-out in tanks and then return it to the process bath.

Draining/Rinsing Over the Plating Tank. After arack or basket isremoved from a process tank, the drag-
out drains from the item and it returns directly to the bath, as long as the item is held over the tank. Thissimple
method of direct drag-out return can be maximized on a hand-line by installing a bar over the process line on which
the operator can hang arack or hook. On automatic machines, the unit can be programmed to increase dwell time
above the process tank. Dramatic results from this simple method of waste minimization have been documented
(ref. 48). Allowing alonger time above the process tank for the solution to drip from the panelsis used by 76% of
the survey respondents. Simple and effective, it isthe most commonly practiced drag-out reduction procedure cited
by the survey respondents.

Allowing the drag-out to dry on the panel can cause staining, peeling, passivation, or it may prevent complete
rinsing. To increase the drag-out removal rate over the process tank, rinsing with small amounts of water can be
employed. The amount of water that can be used will depend on the water balance for a given processtank. The
water balance is affected mostly by evaporation. Process solutions operated at temperatures greater than 120°F often
have sufficient surface evaporation such that rinsing can be performed over the tank. However, using this method
may reduce or eliminate the potential benefit from other drag-out recovery methods (e.g., use of a drag-out tank).

Rinsing over the tank can be performed by flood rinsing (e.g., hose), spray rinsing, or fog rinsing. The use of flood
rinsing is not practical except for very high temperature baths with high drag-out rates. Spray rinsing uses less
water than flood rinsing. With the proper selection of spray nozzles, this can be a very efficient method of direct
drag-out return. Nozzle selection should consider flow rate, spray velocity, and spray pattern. Air-assisted sprays are
also utilized, which are generally more efficient than plain water sprays. Sprays can be hand-held or mounted on the
tank rim. For automatic plating machines, the sprays can be controlled to operate only when the part exits the bath
by installing photosensitive cells that detect part movement.

Fog rinsing is used at exit stations of processtanks. A finefog is sprayed on the work, diluting the drag-out film
and causing arun-back into the process solution. Fog rinsing is applied when process operating temperatures, high
enough to produce a high evaporation rate, allow replacement water to be added to the processin this manner. Fog
rinsing prevents dry-on patterns by cooling the panels, but it may preclude the use of a drag-out tank as a recovery
option. For fog rinsing to be effective, work must be withdrawn from the process tank at a slow rate. From the
PWB facility survey, fog rinsing is used by only 10.5% of the respondents.
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Fog/spray rinsing over the bath has potential drawbacks and problems. Fog/spray rinsing may be messy, or worse,
may cause splashing on nearby workers. Nozzles require frequent maintenance (i.e., unplugging) and must be
occasionally repositioned to point in the correct direction.

Other Methods of Direct Drag-Out Return. The following are miscellaneous methods of direct drag-out
return that are not discussed elsewhere in the report.

A drain board or drip shield is atilted surface placed between process and rinse tanks that catches the drips from racks
or barrels as they are transferred between tanks, thus preventing the drag-out from falling to the floor. The solution
on the drain board returnsto its original tank by gravity flow. The drain surface can be plastic or metal. For acid
solutions, the best materials are vinyl chloride, polypropylene, polyethylene, and Teflon®-lined steel. Stainless
steel should be used for hot alkaline solutions. It isimportant that the drain surface be positioned at an angle that
allows the process solution to return to the bath (i.e., rather than the subsequent rinse) (ref. 6). Drain boards or drip
shields are used by 60.5% of the survey respondents and is the second most frequently used method of drag-out
reduction or recovery.

Another direct drag-out return method, the air knife, is a device that blows an intensive air stream at arack asit exits
the bath causing the drag-out to be blown off. The use of air knivesis limited due to the potential to dislodge parts
from racks and the drying effect of the air stream, which may cause staining, passivation, etc. Concerning the
second limitation, Altmayer suggests that if the air is humidified to near saturation, drying will not occur (ref. 49).
Air knives are used by 26.3% of the facilities responding to the survey. In a PWB shop, air knives are commonly
found at the end of conveyorized equipment where low pressure air is used to blow or dam excess fluid off of the
surface of horizontally transported panels.

4.4.2.3 Drag-Out Recovery and Return

Drip Tank. A driptank isan ordinary rinse tank that, instead of being filled with water, smply collects the drips
from racked panels after chemical processing and beforerinsing. The drip tank is useful with work that involves
continuous dripping over a period of time. When a sizable volume of solution has been collected in the drip tank, it
can be returned to the process bath. Because drag-out is not diluted with water when using a drip tank, this technique
is especially applicable to lower temperature process solutions (ambient to 120°F).

Using adrip tank will restrict the use of an additional rinse tank, when floor spaceis limited. An additional rinse
tank, used as a drag-out tank or in a counterflow arrangement, is usually much more beneficial than a drip tank since
adrip tank only recovers the drag-out that freely flows off the part/rack. The determining factors are the volume of
drag-out, part configuration (i.e., drainability), and the evaporation rate in the process tank. Drip tanks are used by
10.5% of the survey respondents.

Drag-Out Tank. Thedrag-out tank isarinse tank that initially isfilled with pure water. Asthe PWB chemical
processing line is operated, the drag-out rinse tank remains stagnant and its chemical concentration increases as more
work isprocessed. Air agitation is often used to aid the rinsing process because there is no water flow within the
tank to cause turbulence. The presence of awetting agent is also helpful, according to Kushner (ref. 43). After a
period of operation, the solution in the drag-out tank can be used to replenish the losses to the process bath. 1f
sufficient evaporation has taken place, a portion of the drag-out tank solution can be added directly to the process
bath (e.g., using atransfer pump). Thirty-four percent (34%) of the survey respondents indicated that they use drag-
out tanks.

Asarough estimate, drag-out recovery will reduce drag-out losses by 50 percent or more (ref. 3, 10). The efficiency
of the drag-out tank arrangement can be increased significantly by adding a second drag-out tank. Use of atwo-stage
drag-out system usually reduces drag-out losses by 70 percent or more. In some cases, multiple drag-out tanks (e.g.,
three to five tanks) can be used to completely close the loop and return essentially 100 percent of drag-out (ref. 3).

The drag-out rate and evaporation rate are the key parameters that determine what percentage of the drag-out can be
recycled back to the processtank. Various mathematical formula have been used to estimate the recovery rate (ref.
50, 51). Exhibit 4-6 presents estimates for common conditions that can be used in lieu of the more complex
equations.

Exhibit 4-6. Drag-Out Tank Recovery Rates for a Range of Common Conditions
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Number of

drag-out Drag-out Recovery Rate, %
tanks Evaporation to drag-out ratio (1to 5
E/DO=2 E/DO=3 E/DO=4
1 50.0 66.7 75.0 80.0 833
2 66.7 85.7 92.3 95.2 96.8
3 75.0 93.3 97.5 98.8 99.4
4 80.0 96.8 99.2 99.7 99.9
5 83.3 98.4 99.7 99.9 100

The transfer of solution between drag-out tanks and the process tank and the addition of fresh make-up water to the
system can be accomplished in several ways. Ryder (ref. 52) recommends that transfers to the plating tank be
accomplished using a small pump (magnetic drive, seal-lesstypes), which is activated by a "dead-man" switch. The
dead-man switch only permits solution transfer while the switch is depressed. If the operator |eaves, the solution
transfer automatically stops, which prevents catastrophic tank overflows. For adding make-up water, Ryder suggests
using alevel-controlled valve (local float controlled) in the first rinse. When the solution level in the first rinseis
lowered (i.e., after solution istransferred to the plating bath), the float switch is activated and fresh water is added to
the final rinse. Ryder further suggests the use of awater control valve on the inlet water line for shut-off during
non-operating periods.

The use of an automatic drag-out return system was described by Roy (ref. 53). In this system, chemical metering
pumps were used to return drag-out from the rinse tank to a plating tank. The pumps were controlled by alevel
sensor in the plating tank.

With multiple rinse tank arrangements, the transfer of solution from rinse tank to rinse tank can be accomplished in
the same manner as a flowing counterflow rinse system. These are discussed in Section 4.5.

It should be noted that although drag-out reduction can be a very effective means of pollution prevention, it may also
present the PWB manufacturer with anew set of problems. In particular, reducing drag-out reduces the purging of
bath contaminants. The contaminants are contributed to process baths mainly by a breakdown of process chemicals
and low concentration constituents in the fresh water (e.g., hardness). Other sources include: cross contamination
due to transporting dripping racks over tanks, corrosion of bus bars, racks, anodes, tanks, etc., and airborne
contaminants. This contamination may also lead to another problem--staining of the panels after the drag-out rinse.

To minimize the impact of contaminants, platers must do one or both of the following: (1) treat the raw rinse water
prior to use with ion exchange and/or reverse osmosis technologies, or (2) perform bath maintenance. Bath
mai ntenance technol ogies are discussed in Section 5.

Drag-out tanks can be placed in series to completely recover process chemicals and rinse water, as suggested by the
estimatesin Exhibit 4-6. Thisis achieved by balancing the introduction of rinse water with the evaporation rate of
water from the process tank. One author suggests that agueous devel oper and stripper processes can be operated in a
similar manner. In these cases, rinse water flow is balanced with developer/strip solution feed systems rather than
with evaporative losses. The author suggests that two chemical supply tanks be used, one serving as a makeup tank
and one as the on-line supply tank. The rinse water should be directed back to the makeup tank. Periodically, based
on level, a concentrated carbonate or hydroxide solution can be added to convert the rinse water to develop or strip
solution. The solution is mixed and transferred back to the supply tank. Conductivity controllers can be used to
ensure proper concentrations (ref. 41).

It isinteresting to note that drag-out tanks are used more frequently by metal finishing facilities than by PWB
facilities (61% vs. 34%) (see Exhibit 4-3). A higher sensitivity to contaminant build-up may, in part, explain this
disparity. In addition, PWB process lines are long and room considerations are often cited as a limiting factor for
drag-out tanks. For example, atypical electroless copper line may include over 20 tanks (including counterflowing
rinses) without any drag-out tanks at al. Nevertheless, several tanksin thisline are excellent candidates for drag-out
recovery, including the heated cleaner-conditioner and the copper-rich micro-etchant baths. The electroless copper
bath itself is an example of a poor candidate for drag-out recovery. This bath accumulates contaminants from
chemical decomposition and requires frequent additions, which are usually accommodated with bailouts.
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Drag-out tanks can be combined with counterflow rinsing to provide both chemical recovery and flow reduction.
Combinations of rinse configurations are discussed in Section 4.5.3.5.

Drag-1n/Drag-Out Rinsing. Drag-in/drag-out rinsing (also referred to as double-dipping) involves rinsing in the
same solution before and after plating. This can be achieved by using a single rinse tank or two hydraulically
connected rinse tanks, usually located on opposite sides of the process tank. In the latter case, which is most
applicable to automatic plating machines, the rinse water is recirculated between the two rinse tanks using a transfer
pump to maintain equal concentrations of chemicalsin the tanks.

The advantage of a drag-in/drag-out arrangement is that plating chemicals rather than pure rinse water are transferred
into the process tank by incoming racks and panels. This increases the recovery efficiency of the recovery rinse.

The drag-in/drag-out system finds application with plating baths that have alow to moderate evaporation rate and
especially with baths that tend to increase in volume (i.e., equivalent to a negative evaporation rate). This condition,
referred to as "solution growth,” occurs when the volume of drag-in (water from the preceding rinse) can be greater
than the sum of drag-out and evaporation. The recycle ratio, which determines recovery efficiency, is calculated as
the volume of recycled rinse plus the volume of drag-out divided by the volume of drag-out. The recycleratio,
therefore, is greater with a drag-in/drag-out system than a common recovery tank. If the evaporation rateislow, the
difference between the recycle ratios for common recovery and drag-in/drag-out systemsis significant. When
evaporation ratios are high, the differenceisless. Generally, the use of a drag-in/drag-out arrangement will increase
the recovery rate by 25 to 40 percent (ref. 3). Aswith drag-out tanks, the drag-in/drag-out arrangement can result in
bath contaminant buildup. 1t also creates an extralabor step and will lengthen the process time.

4.5 Rinse Water Use Reduction

Although the plating industry as a whole has significantly reduced water use during the past 10 to 15 years, many
plating operations can further reduce water use by improving the efficiency of their rinsing operations. The
advantages of reducing water use include;

L owering operating costs by reducing the size of water hills.

Reducing the quantity of treatment chemicals used (treatment chemical useis mostly dependent on the mass of
contaminants, but a portion of treatment chemical useis related to hydraulic loading; see Section 6 which covers
end-of-pipe treatment.

Potentially improving the removal efficiency of waste treatment systems.

Reducing the needed size of future end-of-pipe treatment systems and certain types of recovery technologies.

A summary of the survey data relative to methods for reducing rinse water use is presented in Exhibit 4-7.

Exhibit 4-7. Rinse Water Use Reduction Methods Data

No. of PWB % of PWB % of Plating
Drag-Out Reduction or Recovery Respondents Respondents Shops Using
M ethod Using Method Using M ethod M ethod
Use counterflow rinses 31 81.2 68.2
Use flow controllers 30 78.9 69.8
Use spray rinses 27 711 39.0
Track water use with flow meters 25 65.7 11.6
Reactive or cascade rinsing 20 52.6 239
Userinse timers 19 50.0 11.3
Recycle or reuse rinse water 11 28.9 --
Use conductivity or pH controllers 10 26.3 16.0
Use part sensors to activate rinse* 4 10.5 --
Use sgueeze rollers to remove water* 1 2.6 --
Use spring-loaded valves to activate rinse* 1 2.6 --

* Added by respondent under “Other.”
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Central to the reduction of rinse water use isthe required quality of water used in rinsing. Simply reducing the flow
rate of water in arinse system, without regard to water quality, may cause loss of product quality or appearance or it
may cause the contamination of the next tank in the plating sequence. Variousrinse water quality criteriaare
presented in the literature.

Various methods of water use reduction have been identified in the literature and throughout the survey. These
methods have been categorized into three groups: (1) optimizing the rinse tank design; (2) controlling the rate of
rinse water use; and (3) using aternative rinsing configurations. The following is a discussion of each group.

PWB facilities practiced al rinse water use reduction methods more frequently than plating shops. While
counterflow rinses and flow controllers were common in both types of shops, rinse timers, spray rinsing, flow
meters and reactive/cascading rinses were far more prevalent in PWB shops. One explanation could be the presence
of conveyorized equipment in nearly all PWB facilities such as etchers and resist developers, both of which
commonly employ spray rinsing chambers, and etchers, are commonly equipped with cascading rinse chambers.
Such equipment may also be equipped with flow meters.

4.5.1 Optimal Rinse Tank Design

The key objectives with regard to optimal rinse tank design are to attain fast removal of drag-out from the part and
complete dispersion of the drag-out throughout the rinse tank. When these objectives are achieved, the time
necessary for rinsing is reduced and the concentration of contaminants on the part when it leaves the rinse tank are
minimized for a given rinse water flow rate. The following are rinse tank design elements that help to achieve fast
drag-out removal and complete mixing. These methods can be combined to develop an optimal rinse tank design for
a given workload.

Select the minimum size rinse tank in which the parts can be rinsed and use the same size for the entire process
line.

L ocate the water inlet and discharge points of the tank at opposite positions in the tank to avoid short-circuiting.
Use aflow distributor/sprayer to feed the rinse water evenly.

Use air agitation, mechanical mixing, or other means of turbulence.

Use spray rinsing.

Use ultrasonics, where applicable.

4.5.2 Controlling the Flow Rate of Rinse Water Use

Water use reduction can be achieved by coordinating water use and water use requirements, regardless of the type of
rinse tank arrangement employed (e.g., single overflow, counterflow). When these two factors are perfectly matched,
the rinse water use for a given work load and tank arrangement is optimized. Four methods of coordinating water use
and water requirements were identified during the survey and literature search. Each of these methodsis discussed in
the following subsections. Some methods are applicable to arange of chemical processing operations while others
are more relevant to specific conditions (e.g., small manual operations, large automated machines). Some of the
methods can be combined to optimize water use.

4.5.2.1 Flow Restrictors

Flow restrictors are inexpensive devices that are connected in-line with the tank's water inlet piping to regulate the
flow of water through the pipe. They are typically an elastomer washer that flexes under pressure such that the
higher the water pressure, the smaller the hole available for flow passage. Therefore, they maintain arelatively
constant flow under variable water pressures. Flow restrictors are available in awide range of sizes (0.1 gpm to
more than 10 gpm). The smaller sized restrictors are most commonly used with multiple counterflow rinse tank
arrangements and the larger ones are commonly used with single overflow rinses. Some restrictors aerate the water
asit passes through, in a manner similar to a kitchen faucet (venturi effect).

Flow restrictors are applicable to nearly all rinse systems. A possible exception is arinse tank equipped with a
conductivity controller (see Section 4.5.2.3). With conductivity controllers, the instantaneous water flow rateis
unimportant, since the controller stops water flow based on the low conductivity set point of the controller and the
conductivity of the water in therinse tank. Therefore, restricting the flow will only increase the time needed to
dilute the rinse water to the conductivity set point and will not affect the total volume of water used.

Flow restrictors as a stand-alone method of rinse water control are only effective with plating lines that have constant
production rates, such as automatic plating machines. Even in such cases, to use water efficiently, the plater must
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have a means of stopping water flow during non-production periods. With variable production rates, flow restrictors
alone will not provide the necessary coordination of rinse water need and use. One method for improving this
coordination isto install atimer rinse control (see Section 4.5.2.4).

Generally, the size of aflow restrictor is selected to provide adequate rinsing for all parts. This meansthat the
maximum rinse water flow requirement is the governing factor and that on the average, the flow will be higher than
necessary for good rinsing. Thisfact is a sufficient reason for supplementing the control provided by aflow
restrictor.

Flow restrictors are widely used by the respondents to the survey (79%).

4.5.2.2 Manual Control of Water Flow

Manual control of water flow simply refers to manually opening and closing water valvesto adjust flow or to turn
the water flow on or off. This method of control is obviously dependent on the operator and usually resultsin
inconsistent water use.

Combining manual control with flow restrictors reduces the variability of water flow; however, it does not address
the problem of water use during idle production periods. Manual control can be improved by installing a main water
valve for an entire plating line that stops water flow to all rinse tanks in that line.

4.5.2.3 Conductivity Controls

These units consist of a probe or sensor located in the rinse tank that senses the conductivity of the rinse water, a
transformer box that houses the solid state circuitry that controls the system, and a solenoid valve that opens and
closes in response to signals from the circuitry. In use, when drag-out is introduced to the rinse tank, the probe
senses arisein conductivity above a set-point, which is picked up by the circuitry, and the solenoid water valveis
opened. The valve remains open until the probe senses a drop in conductivity below a set-point. The set-points are
operator-adjustable to permit use over arange of desired water qualities.

Conductivity rinse controls have been effectively used to reduce rinse water use. However, in some cases, they have
been removed from service due to maintenance problems (ref. 3). The results of the survey show a moderate level of
usage for conductivity controllers (26%).

The use of conductivity controllers does have some problems. First, operators who object to the appearance of a
controlled rinse, which may be less clear than a free-flowing rinse, have been known to override conductivity
controllers. Operators often override the units by placing the probe into a process tank or a bucket of process
solut